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A mighty creature is the germ, 
Though smaller than the pachyderm. 
His customary dwelling place  
Is deep within the human race.  
His  childish pride he often pleases  
By giving people strange diseases.  
Do you, my poppet, feel infirm?  
 You probably contain a germ. 
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Introduction and scope of this thesis 




Staphylococcus aureus (S. aureus) is a robust, non-motile, spherical bacterium that 
has emerged over the past century as a major threat for human health and well-
being, causing infection outbreaks world-wide. Currently it is estimated that 
approximately one-third of the human population is colonized with S. aureus. 
While the carriage of this Gram-positive bacterium is of no serious consequence 
to most individuals, S. aureus has the potential to cause a wide range of diseases 
ranging from minor skin infections to more serious invasive diseases, such as 
bacteremia, sepsis, abscesses in various organs, osteomyelitis, endocarditis, 
pneumonia, and meningitis [2,3,4]. This pathogen is in fact capable of infecting 
nearly every organ and tissue in the body due to its ability to produce an arsenal 
of toxins, host-binding proteins and other virulence factors (Fig.1). 
Virulence factors 
The staphylococcal cell envelope  
S. aureus is a Gram-positive bacterium that has a single cell membrane, which is 
coated with a thick cell wall composed of peptidoglycan (PepG) and various other 
polymers (Fig.1B). The cell wall is a meshwork of sugars (glycans) and proteins 
(peptides), which constitute about 50 percent of the staphylococcal cell. 
Compared to Gram-negative bacteria, S. aureus has an exceptionally thick and 
highly cross-linked layer of peptidoglycan. The peptidoglycan of Escherichia coli 
for example is 1.5-15nm thick, whereas the staphylococcal peptidoglycan layer 
reaches a thickness of about 30nm [5]. This thick peptidoglycan layer gives the 
bacterium shape and protects it from external unfavourable conditions and 
mechanical damage. Peptidoglycan fragments are released upon regulated cell 
wall turnover or bacterial cell lysis, thereby playing an important role in sepsis, 
shock and inflammation caused by S. aureus [6,7,8,9]. In addition, several  
S. aureus strains also produce a thin polysaccharide capsule in vivo to resist 
phagocytosis. Eleven capsule types have been identified, the most common  
being serotypes 5 (CP5) and 8 (CP8), each encoded by 16 gene operons on  
the bacterial chromosome  [10]. Types 5 and 8 share similar sugar structures,  
and are composed of O-acetyl-β-D-N-acetylmannosaminuronic acid and  
N-acetylfucosamine [11]. Staphylococci expressing capsule are more virulent  
and persistent in animal infection models [12]. In S. aureus, the peptidoglycan is 
9Introduction and scope of this thesisIntroduction and scope of this thesis 
9 
 
buried within a complex cell surface matrix consisting of different molecules 
[5,13],  such as surface proteins,  capsular polysaccharides, usually required for 
the ability of different bacteria to cause disease,  and teichoic acids (TAs) 
[12,14,15,16]. Teichoic acids are glycopolymers that play a crucial role in 
environmental stress, regulation of  bacterial cell division and bacterial survival 
under disadvantageous conditions. The teichoic acids are usually constitutively 
produced and are either connected to peptidoglycan (wall teichoic acids, WTA) or 
to the cytoplasmic membrane (lipoteichoic acids, LTA). 
 
 
Figure 1. Schematic representation of staphylococcal virulence factors and their subcellular or extracellular 
localization. 
Staphylococcal teichoic acids  exhibit zwitterionic properties due to the 
presence of negatively charged phosphate groups and additional D-alanine 
residues on the repeating units, which have free positively charged amino groups 
[17,18,19,20]. The actual function of teichoic acids and the reasons why most 
Gram-positive bacteria produce them are not completely understood. WTA has 
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Bacillus subtilis under laboratory conditions [21,22], but it does play an important 
role in host colonization and infection in vivo [23,24,25,26]. Moreover, teichoic 
acids are involved in a) protection against harmful molecules and environmental 
stresses, b) control of enzyme activities and cation levels in the cell envelope, and 
c) binding to receptors and surfaces [27]. Although purified WTAs of S. aureus are 
not very inflammatory, it has been reported that WTA can be associated with 
reduced bacterial recognition by the peptidoglycan recognition receptor (PGRP) of 
Drosophila. Therefore, WTA may be part of a general mechanism used by S. 
aureus and other Gram-positive bacteria, which limits the access of innate 
receptors to peptidoglycan, thereby enabling bacteria to evade detection and 
establish infection [28,29]. The staphylococcal LTA contributes to sepsis [30] and 
provokes the secretion of cytokines and chemoattractants (TNF-α, IL-1β, IL-10, IL-
12, IL-8, leukotriene B4, complement factor 5a, MCP-1, MIP-1α and granulocyte 
colony-stimulating factor) by monocytes and macrophages [31,32,33,34,35,36].  
In addition to teichoic acids, the staphylococcal cell envelope contains 
membrane proteins, lipoproteins (Lpp), covalently bound cell wall proteins and 
non-covalently bound cell wall proteins (Fig.1). Proteins anchored in the cell 
membrane and proteins covalently linked to the peptidoglycan can be cell 
surface-exposed. They are expressed during the exponential growth phase of S. 
aureus and are involved in host colonization, the first step in pathogenesis. 
Surface proteins specifically bind the host’s extracellular matrix (ECM) and 
therefore are often called MSCRAMMs (microbial surface components 
recognizing adhesive matrix molecules). The best characterized representatives of 
the MSCRAMMs include fibronectin-binding proteins (FnbA, FnbB), and clumping 
factors (ClfA and ClfB), which can bind to integrins on the surface of host cells via 
fibrinogen or fibronectin bridges [37]. Another surface protein, Cna, serves as a 
collagen adhesin and is believed to facilitate invasive infection, particularly 
osteomyelitis [38]. Staphylococcal surface proteins also allow this bacterium to 
adhere to implanted medical devices covered in serum protein deposits, as well as 
intact epithelium. For example, the extracellular fibrinogen-binding protein (Efb) 
in addition to fibrinogen can also bind the free complement factor C3b [39].  
Avoidance of Host Defences 
When the outer physical barriers of the body (i.e. the skin or the mucosa) are 
breached by S. aureus, the bacteria are seriously confronted by the host’s immune 
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system, comprising both innate and acquired responses. S. aureus infections 
stimulate strong inflammatory responses, involving the migration of neutrophils 
and macrophages to the site of infection. These cells engulf and dispose of the 
invading microorganism with help of antibodies and complement. In order to 
combat the host’s immune system, S. aureus expresses proteins that inactivate 
components of the immune system through appropriate enzymatic activities or 
binding. The Surface protein A (Spa) is a cell wall-associated protein present in 
the large majority of S. aureus strains. It binds to the Fc region of immunoglobulin 
G and interacts with some Fab fragments [40,41]. A consequence of these 
interactions is the coating of the bacterial cell with IgG molecules that are in the 
incorrect orientation for recognition by the neutrophil Fc receptor. This could 
explain the antiphagocytic effect of protein A and its prominent role in the 
pathogenesis of S. aureus. Protein A-deficient mutants of S. aureus are 
phagocytosed more efficiently by neutrophils in vitro and show decreased 
virulence in several animal infection models [42,43]. The Fc-binding ability of Spa 
however is not the only mechanism to evade the immune system. Spa is also 
known to interfere with the activation of the classical pathway of the complement 
system [44]. In addition to Spa, almost all S. aureus strains express the Sbi 
protein. Sbi is 436-residue protein that is also found in the extracellular milieu. It 
consists of four globular domains, namely the immunoglobulin-binding domains I 
and II that bind to the Fc region of IgG and β2-glycoprotein I [45,46,47], and the 
domains III and IV that were shown to bind to complement component C3 via its 
extracellular globular domains III and IV [48]. S. aureus also has the ability to 
inactivate the complement factor C3b and IgG molecules that are bound to the 
surface of opsonized bacterial cells. Staphylokinase (SAK) is a protein encoded by 
certain prophages that was shown to activate plasminogen (PLG) into plasmin 
(PL). Plasmin is a potent serine protease known for its capacity to degrade fibrin 
clots, extracellular matrix components and human IgG. Thus, incubation of PLG 
with SAK results in removal of anti-staphylococcal IgGs and C3b from the bacterial 
surface, which makes staphylokinase a unique anti-opsonic molecule [49]. 
Another protein that, similarly to staphylokinase, is secreted and acts on the 
surface of the bacterium is the staphylococcal complement inhibitor (SCIN). SCIN 
binds specifically to two C3 convertases (C4b2a and C3bBb), which interferes with 
the processing of C3 into microbe-bound C3b. SCIN can therefore block the 
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that, about 60% of the S. aureus strains secrete the chemotaxis inhibitory protein 
of staphylococci (CHIPS), which blocks neutrophil chemotaxis by binding to the 
formylated peptide receptor and the C5a receptor on neutrophils [52,53,54]. 
Furthermore, S. aureus secretes the Extracellular fibrinogen binding molecule 
(Efb) that binds to fibrinogen  and interferes with platelet aggregation [55,56,57]. 
Moreover, Efb also inhibits both the classical and alternative pathways of 
complement activation protecting S. aureus from complement-mediated 
opsonophagocytosis [39,58]. 
Intracellular survival of S. aureus 
Although S. aureus is generally considered as an extracellular pathogen, it has 
been showed that it can invade a variety of non-professional phagocytes, such as 
human endothelial cells, bovine epithelial cells and murine fibroblasts. Chronic 
infections like osteomyelitis, the frequent failure of antibiotic treatments to 
overcome staphylococcal infections, or their recurrence might be related to the 
ability of S. aureus to invade and persist within certain types of host cells, 
providing a protected niche [59,60,61].  Survival of S. aureus within the host 
macrophage requires the bacterium to be resistant to the normal bactericidal 
mechanisms. To survive phagocytosis, one of the primary defense mechanisms of 
the innate immune system, S. aureus is equipped with catalase (KatA), thioredoxin 
(TrxA), superoxide dismutases (SodA and SodM) and glutathione peroxidase 
(GpxA), among others, to combat any reactive oxygen species they may encounter 
[62]. It has been reported that staphylococcal catalase and superoxide dismutase 
(SOD) combat reactive oxygen species enabling S. aureus to persist within 
macrophages, inducing local inflammation, and causing an increased induction of 
serum TNF–α and IL-6  [63]. Furthermore S. aureus redirects from the endosomal 
pathway to autophagosomes. In this way S. aureus-induced autophagy is required 
for staphylococcal replication, subsequent escape from autophagosomes into the 
cytoplasm, and eventually S. aureus-induced host cell death [64]. Moreover, it is 
now known that professional phagocytes provide a beneficial environment for 
intracellular survival of S. aureus. Consistent with this notion, recent studies have 
revealed that S. aureus is highly resistant to neutrophil- and macrophage-



















Inflammatory signaling during S. aureus infection 
The ability of both bacterial and eukaryotic cells to adapt their behavior to 
changes in their surrounding environment is crucial if they exist in dynamic and 
challenging environments. Furthermore, cells must effectively communicate with 
one another, especially when cooperative interactions are needed. In order to 
detect a signal and translate this signal into a cellular event, highly specialized 
mechanisms are used by the cells. These mechanisms are collectively known as 
signal transduction. Signal transduction is achieved through specific classes of 
proteins and the interactions between them. For example, when a cell of the 
immune system detects bacterial compounds in its environment, it reacts to the 
signal by activating signal transduction cascades to respond to a potential 
invasion. As a result immune cells can release cytokines (to communicate with 




Figure 2. Schematic representation of a signal transduction pathway. Upon stimulation through, for 
example ligand binding or chemical modification,,a signal is generated by an appropriate receptor. 
Through protein-protein interactions and phosphorylation reactions involving activated proteins, 
the original signal is amplified and transduced to response regulators that orchestrate the cellular 
responses to the stimulus that was received by the receptor. 
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One of the key regulatory mechanisms underlying signal transduction is 
protein phosphorylation. The transfer of phosphate to proteins is performed by 
kinases, and the dephosphorylation by phosphatases (Figure 3). The 
phosphorylation usually results in the activation of a protein, which then is able to 
activate one or more other proteins. Errors in signal transduction can lead to 
misinterpretation of the information by cells, which subsequently can results in, 
for example, the onset of cancer or improper inflammatory responses during 
infections. Although the signaling pathway itself is linear, it still remains a major 
challenge to understand the extensive cross talk that exists between different 
signal transduction pathways. Currently available micro-array technologies 
analyze nucleotides (DNA and RNA), however these methods are not yet suitable 
for deciphering the complex dynamics of cell signaling reactions.  
The innate immune system constitutes the first line of host defenses 
during infection and therefore it plays a crucial role in the early recognition and 
subsequent triggering of a pro-inflammatory response to invading pathogens. The 
adaptive immune system, on the other hand, is responsible for the elimination of 
pathogens in the late phases of infection and in the generation of immunological 
memory. Whereas the adaptive immune response is characterized by specificity 
Figure 3. Phosphorylation and dephosphorylation are key mechanisms in the transduction of signals within 
cells. When a protein kinase becomes phosphorylated it can catalyze subsequent phosphorylation steps, 
thereby transducing a signal. 
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developed by clonal gene rearrangements from a broad repertoire of antigen-
specific receptors on lymphocytes, the innate immune response is mediated 
primarily by phagocytic cells and antigen-presenting cells (APCs), such as 
granulocytes, macrophages, and dendritic cells (DCs), and has been regarded as 
relatively nonspecific. The innate immune response relies on the recognition of 
evolutionarily conserved structures on pathogens, termed pathogen-associated 
molecular patterns (PAMPs), by a limited number of germ line-encoded pattern 
recognition receptors (PRRs) of which the family of Toll-like receptors (TLRs) has 
been studied most extensively. In humans, 11 Toll-like receptors (TLRs) have so far 
been identified [67,68].  
Toll-like receptor 2 (TLR-2) has been reported to have a broad role as a 
pattern recognition receptor for a variety of microbes and microbial structures. 
These include lipoproteins from pathogens, such as mycobacteria, spirochetes, 
and mycoplasmas, lipoarabinomannan from mycobacteria, the glycosylphos-
phatidylinositol anchor from Trypanosoma cruzi,and zymosan from fungi [67]. 
Furthermore, TLR2 has been implicated in the recognition of staphylococcal 
peptidoglycan and lipoteichoic acid (LTA) [69,70,71,72,73,74]. TLR2 thus seems to 
detect various specific components of pathogens, but it is presently not clear how 
one receptor like TLR2 can recognize such a wide spectrum of stimuli. It is 
believed that other receptors, such as CD14, TLR1, or TLR6 are also involved in LTA 
recognition by cooperation with TLR-2 [75,76,77,78,79,80]. Furthermore, TLR1 
and TLR6 have been shown to mediate the discriminatory recognition of triacyl 
and diacyl lipopeptides by TLR2. TLR6 is necessary for TLR2 to detect MALP2 
(macrophage-activating lipopeptide 2) from Mycoplasma pneumoniae, which is 
only diacylated [79]. In contrast, TLR1 is necessary for the response to triacyl 
lipopeptides and mycobacterial lipoproteins  [80,81]. Since staphylococci also 
produce a set of lipoproteins and LTA, it is possible that these lipid-modified 
compounds are indeed detected by TLR2 and that their either diacylated or 
triacylated states dictate the contributions of TLR1 or TLR6 to their recognition 
[82]. Another receptor that cooperates with TLR-2 is CD14. CD14 is a key co-
receptor expressed on the surface of macrophages and polymorphonuclear 
leukocytes (PMNs). For example, CD14 is necessary for full induction of the 
inflammatory response by LPS-stimulated TLR-4 [83]. Several studies have 
demonstrated that different components of S. aureus, such as peptidoglycan and 
LTA also interact with the CD14 molecule [32,33,84]. Thus, it has been suggested 
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that CD14 is a functional receptor for staphylococcal peptidoglycan and LTA. 
Interaction with TLR-2 has also been reported for the CD36 receptor, and 
coexpression of either CD36 or TLR-6 with TLR-2 significantly increases the TLR-2 
responses to LTA.  
TLR-2 is an essential receptor for the recognition of S. aureus. However it 
remains interesting to find out why macrophages from TLR-2-deficient mice 
stimulated with S. aureus still produce pro-inflammatory mediators [85]. This 
suggests that host cells must have some alternative receptors that are involved in 
S. aureus recognition. TLRs are involved in recognition of pathogens in the 
extracellular compartment, whereas Nod receptors are involved in intracellular 
sensing of microorganisms and their products [86]. The Nod receptors (Nod1 and 
Nod2) are intracellular pattern-recognition molecules of the Nod-like receptor 
(NLR) family. Nod1 is ubiquitously expressed, while Nod2 expression is restricted 
to monocytes, macrophages, dendritic cells and intestinal Peneth cells. Both 
proteins are implicated in the detection of bacterial peptidoglycan. Nod1 senses 
peptidoglycan fragments containing meso-diaminopimelic acid and Nod2 seems 
to be a general sensor, which is activated by muramyl dipeptide (MDP) – the 
common motif of peptidoglycan from Gram-positive and Gram-negative bacteria. 
Upon activation, Nod1 and Nod2 induce I kappa B kinase (IKK) and NF-κB, which 
results in pro-inflammatory responses. Although it was initially thought that S. 
aureus is an extracellular bacterium, several observations indicate that S. aureus 
peptidoglycan is recognized by cytoplasmic Nod2. Recent studies have shown that 
Nod2-deficient mice are more susceptible to S. aureus, which results in defective 
neutrophil phagocytosis and a higher bacterial tissue burden [87]. While Nod2 and 
TLR2 induce immune responses via the activation of the transcription factor NF-κB 
and MAP kinases, the group of NLRs that include Nlrp3 and Nlrc4 are critical for 
the inflammasome activation and IL-1β secretion in response to bacterial and 
endogenous stimuli [88]. Upon microbial stimulation, the IL-1β precursor is 
induced in macrophages via NF-κB activation. Subsequently, pro-IL-1β is 
processed into mature IL-1β by the enzymatically active heterodimer composed of 
a 10- and a 20-kDa chain of caspase-1. Nlrp3 is essential for caspase-1 activation 
in response to a variety of microbial molecules in combination with ATP and 
particulate matter including ureate crystals, silica particles and aluminum salts  
[89,90,91]. Recent studies showed that the adaptor protein Asc and IL-1β can play 
critical roles in the neutrophil recruitment in staphylococcal skin infections and 
17
Introduction and scope of this thesisChapter 1 
16 
 
that CD14 is a functional receptor for staphylococcal peptidoglycan and LTA. 
Interaction with TLR-2 has also been reported for the CD36 receptor, and 
coexpression of either CD36 or TLR-6 with TLR-2 significantly increases the TLR-2 
responses to LTA.  
TLR-2 is an essential receptor for the recognition of S. aureus. However it 
remains interesting to find out why macrophages from TLR-2-deficient mice 
stimulated with S. aureus still produce pro-inflammatory mediators [85]. This 
suggests that host cells must have some alternative receptors that are involved in 
S. aureus recognition. TLRs are involved in recognition of pathogens in the 
extracellular compartment, whereas Nod receptors are involved in intracellular 
sensing of microorganisms and their products [86]. The Nod receptors (Nod1 and 
Nod2) are intracellular pattern-recognition molecules of the Nod-like receptor 
(NLR) family. Nod1 is ubiquitously expressed, while Nod2 expression is restricted 
to monocytes, macrophages, dendritic cells and intestinal Peneth cells. Both 
proteins are implicated in the detection of bacterial peptidoglycan. Nod1 senses 
peptidoglycan fragments containing meso-diaminopimelic acid and Nod2 seems 
to be a general sensor, which is activated by muramyl dipeptide (MDP) – the 
common motif of peptidoglycan from Gram-positive and Gram-negative bacteria. 
Upon activation, Nod1 and Nod2 induce I kappa B kinase (IKK) and NF-κB, which 
results in pro-inflammatory responses. Although it was initially thought that S. 
aureus is an extracellular bacterium, several observations indicate that S. aureus 
peptidoglycan is recognized by cytoplasmic Nod2. Recent studies have shown that 
Nod2-deficient mice are more susceptible to S. aureus, which results in defective 
neutrophil phagocytosis and a higher bacterial tissue burden [87]. While Nod2 and 
TLR2 induce immune responses via the activation of the transcription factor NF-κB 
and MAP kinases, the group of NLRs that include Nlrp3 and Nlrc4 are critical for 
the inflammasome activation and IL-1β secretion in response to bacterial and 
endogenous stimuli [88]. Upon microbial stimulation, the IL-1β precursor is 
induced in macrophages via NF-κB activation. Subsequently, pro-IL-1β is 
processed into mature IL-1β by the enzymatically active heterodimer composed of 
a 10- and a 20-kDa chain of caspase-1. Nlrp3 is essential for caspase-1 activation 
in response to a variety of microbial molecules in combination with ATP and 
particulate matter including ureate crystals, silica particles and aluminum salts  
[89,90,91]. Recent studies showed that the adaptor protein Asc and IL-1β can play 
critical roles in the neutrophil recruitment in staphylococcal skin infections and 
Introduction and scope of this thesis 
17 
 
the elimination of S. aureus in vivo [92,93]. Furthermore, infection of 
macrophages with S. aureus induced caspase-1 activation via Nlrp3 in vitro, and  
the combination of staphylococcal hemolysins and lipoproteins plays a critical role 
in the Nlrp3 inflammasome activation [94,95].  
Another group of receptors involved in S. aureus recognition are the 
peptidoglycan recognition proteins (PGRPs). Four PGRPs are present in humans, 
PGLYRP1, PGLYRP3, PGLYRP4 and the PGLYRP3:PGLYRP4 heterodimer. Each of 
them contains at least three conserved peptidoglycan-binding domains. 
Peptidoglycan can be detected in different cellular compartments depending on 
the type of PGRP, which can be membrane bound, stored in vesicles, or secreted 
into the extracellular milieu [96]. Mammalian PGLYRP2 is an N-acetylmuramoyl-L-
alanine amidase that hydrolyzes the lactyl bond between the MurNAc and L-Ala in 
bacterial peptidoglycan. The preferred substrates for recognition are soluble 
peptidoglycan fragments, such as products of peptidoglycan digestion by 
peptidoglycan-hydrolyzing enzymes like lysozyme or other hydrolases. By 
contrast, intact cross-linked peptidoglycan in the bacterial cell wall is a poor 
PGLYRP2 substrate. Notably, due to as yet unidentified activities, PGLYRP1, 
PGLYRP3, PGLYRP4, and PGLYRP3:PGLYRP4 have bactericidal or bacteriostatic 
properties for many pathogenic and non-pathogenic Gram-positive and Gram-







































The staphylococcal eukaryotic-like serine/threonine kinase PknB 
Serine/threonine kinases and phosphatases are well known for their involvement 
in eukaryotic signaling cascades. These kinases specifically phosphorylate serine 
or threonine residues in their substrates. Interestingly, while this was initially 
overlooked, it has become clear in recent years that also in prokaryotes 
serine/threonine kinases can play important roles in regulatory mechanisms. The 
prokaryotic signal transduction pathways most often involve so-called two-
component regulatory systems, which are composed of a histidine kinase and a 
response regulator. In addition, eukaryotic-like serine/threonine protein kinases 
(ESTKs) are employed by many prokaryotes for the regulation of various cellular 
functions, such as stress responses, biofilm formation, sporulation, metabolism 
and developmental processes. The first ESTK was identified in Myxococcus 
xanthus in 1991 [67]. Since then, similar ESTKs and ESTPs have been identified and 
characterized in both Gram-negative and Gram-positive pathogens, including 
Salmonella enterica, Pseudomonas aeruginosa, Streptocococcus agalactiae, 
Figure 4. Signal transduction in macrophages during S. aureus infection 
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Streptococcus pneumoniae, Streptococcus pyogenes, Enterococcus faecalis, 
Bacillus subtilis and Streptococcus mutans, as well as Mycobacterium tuberculosis 
[98,99,100,101,102]. Structurally, ESTKs vary across organisms depending on their 
function(s). The Gram-positive bacterial ESTKs are usually membrane-bound with 
an extracellular sensing PASTA domain (i.e. a penicillin-binding protein and 
serine/threonine kinase-associated domain), a variable number of trans-
membrane domains (often just one), and a catalytic, intracellular kinase domain 













The staphylococcal STPK, often referred to as PknB, is composed of three 
extracellular PASTA domains (penicillin-binding domains), a central transmem-
brane domain and an intracellular kinase domain [103]. It was reported that PknB 
of S. aureus is involved in the regulation of various metabolic pathways and cell 
wall synthesis [102,104]. Importantly, PknB regulates autolysins, which are 
peptidoglycan hydrolases that play important roles in bacterial cell wall turnover, 
cell division and cell separation. Since peptidoglycan is needed to maintain 
bacterial cell integrity and viability, it is of crucial importance to maintain a proper 
Figure 5 Staphylococcal eukaryotic-like serine/threonine kinases, 
including PknB of S. aureus 
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balance between new synthesis of peptidoglycan and its degradation. It was 
recently reported that pknB mutant S. aureus cells have a 2.2-fold decreased 
expression of the major S. aureus autolysin gene atl and a 2.3- to 2.8-fold 
induction of two autolysis regulators (fmtA and lytR) and two murein hydrolase 
gene regulators (lrgA and lrgB) [103]. Furthermore pknB mutant S. aureus strains 
produce less UDP-N-acetylmuramates, which are the main precursors for 
peptidoglycan synthesis and they are more resistant to Triton X-100-induced 
autolysis [103,105]. Moreover, PknB was shown to determine the infectivity of S. 
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Scope of this thesis 
The main objectives of the research described in this thesis were to elucidate the 
responses of human and mouse macrophages towards S. aureus infection, to 
pinpoint determinants of S. aureus that have key roles in these host cell 
responses, and to map the responses of S. aureus to macrophages. Moreover, 
despite the significance of eukaryotic-like Ser/Thr kinases in bacterial 
pathogenesis, nothing was known about the roles of the staphylococcal PknB in 
the onset of host cell responses toward S. aureus.  Therefore, the present studies 
were for a large part focused on the exploration of possible roles of PknB in 
staphylococcal infections. 
Chapter 2 describes the complex phosphorylation networks that are 
triggered in human macrophages encountering staphylococcal cells. Moreover, 
the results challenge the classical concept that macrophage responses are mainly 
mediated through Toll-like receptor 2 and NF-κB signaling and highlight the 
important role of the stress-activated MAP kinase signaling in the host defense. In 
addition, gel-free proteomics was employed to monitor staphylococcal responses 
to the THP-1 macrophages.  
The studies described in Chapter 3 show that full-size soluble PknB is 
present in the medium of growing S. aureus cells. Peptide microarrays with known 
human phosphorylation sites and mass spectrometry revealed that PknB is a 
proline-directed kinase, which can phosphorylate specific human targets. The 
observed target specificity of PknB indicates possible roles for this enzyme in a 
wide range of host cell signalling processes during S. aureus infection. 
Chapter 4 studies the roles of S. aureus  PknB in the infection of human 
immune cells using enzyme-linked immune sorbent assays (ELISA) and kinase 
profiling. This chapter pinpoints the crucial role of PknB in the onset of 
inflammatory host cell responses. Importantly, the results imply that S. aureus 
PknB could be a well-suited target for combating staphylococcal infections, 
especially through the minimization of inflammatory responses. 
In Chapter 5 the usefulness of a penicilinase translocation assay to screen 
different S. aureus secretion mutants for intracellular protein secretion and 
survival in mouse macrophages was explored. The results show that the assay can 
indeed be used for this purpose but, unfortunately, it does not allow a distinction 
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between effects of particular mutations on intracellular protein secretion and 
survival.  
This thesis ends with Chapter 6, which summarizes and discusses the 
research described and provides an outlook on relevant possibilities for future 
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Staphylococcus aureus is a dangerous opportunistic human pathogen that causes 
serious invasive diseases when it reaches the blood stream. Recent studies have 
shown that S. aureus is highly resistant to killing by professional phagocytes, and 
that such cells even provide a favourable environment for intracellular survival of 
S. aureus. Importantly, the reciprocal interactions between phagocytes and S. 
aureus have remained largely elusive. Here we have employed kinase profiling to 
define the nature and time resolution of the human THP-1 macrophage response 
towards S. aureus, and proteomics to identify the response of S. aureus towards 
macrophages. The results of these studies reveal major macrophage signalling 
pathways triggered by S. aureus, and proteomic signatures of the responses of S. 
aureus to macrophages. We also identify human proteins bound to S. aureus that 
have potential roles in bacterial killing and internalization. Most noticeably, our 
observations challenge the classical concept that macrophage responses are 
mainly mediated through Toll-like receptor 2 and NF-κB signalling, and highlight 
the important role of the stress-activated MAP kinase signalling in orchestrating 









Professional phagocytes play an essential role in the host defence against 
bacterial pathogens by recognizing, engulfing, and eventually eradicating invading 
bacteria. Phagocytosis is the process by which cells engulf large particles through 
the formation of pseudopodia or invaginations of the plasma membrane. In order 
to discriminate between ‘self’ and ‘non-self’ agents mammalian professional 
phagocytes, such as neutrophils, dendritic cells and macrophages display a 
number of phagocytic receptors [107,108]. Furthermore, the interaction between 
pathogen and macrophage can be promoted either by opsonins, such as 
complement proteins and specific antibodies that coat the bacterial cell surface 
(i.e. opsonic phagocytosis), or by direct binding to surface receptors (i.e. non-
opsonic phagocytosis). The ability of macrophages to directly interact with non-
opsonized bacteria is based on the recognition of conserved Pathogen-Associated 
Molecular Patterns (PAMPS) by pattern recognition receptors (PRRs) [107], most 
prominently the Toll-like receptors (TLRs). Activation of NF-κB through TLR 
activation constitutes a canonical cellular host defence response to pathogen 
activation, but also many other pathways are activated. Importantly, the relative 
contributions of the various pathways in the cellular response to pathogen 
exposure are so far poorly understood.  
 Most bacterial structures are recognized by more than one receptor and 
these receptors can also interact with each other. Thus, the activation of various 
sets of receptors will lead to the activation of a complex network of signalling 
pathways due to cross-talk between the activated receptors and various 
downstream signalling molecules. Integration of these signalling events triggers 
cytoskeletal rearrangements associated with cell surface modifications that lead 
to engulfment of the bound bacteria. After receptor engagement and engulfment, 
the bacteria will be internalized and enclosed in a phagosome. Newly formed 
phagosomes are not yet adjusted for killing and degradation of internalized 
bacteria. To acquire these properties, phagosomes fuse with endosomes and 
eventually with lysosomes. The resulting phagolysosome contains a membrane-
associated NADPH-oxidase, which causes the formation of reactive oxygen species 
that effectively eradicate internalised bacteria through a mechanism named the 
oxidative burst. Moreover, the phagolysosomes contain a cocktail of degradative 
enzymes (e.g. lipases, proteases, nucleases), which serve to eliminate internalized 
pathogens.  
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Despite the presence of multiple defence systems, various pathogens can 
survive inside human host cells with the support of evasive mechanisms. Some 
bacterial species interfere with the ability of phagocytes to engulf them, either by 
inhibiting or degrading opsonic antibodies or complement [50], or by directly 
impairing the phagocytic process in macrophages and neutrophils [109]. These 
different strategies are exemplified by the mechanism used by Mycobacterium 
tuberculosis, Listeria monocytogenes and Legionella pneumophila. M. tuberculosis 
uses a number of effector molecules, including lipids (phosphatidylinositol 
mannoside [PIM] and lipoarabinomannan [LAP]), phosphatidylinositol-3-
phosphate (PI(3)P), and the phosphatase SapM to arrest phagosome maturation 
at an early stage and to escape from the phagosome [110]. L. monocytogenes, the 
causative agent of listeriosis, escapes the phagosome through secretion of 
listeriolysin O and the phospholipases PlcA and PlcB [111]. Having reached the 
cytoplasm, L. monocytogenes replicates and becomes motile by using actin ‘comet 
tails’ generated by the effector ActA [112]. Legionella pneumophila causes 
legionellosis or Legionnaires' disease. Upon phagocytosis, this bacterium impairs 
fusion with endolysosomal compartments and instead promotes fusion with 
endoplasmic reticulum (ER)-derived membranes [113].  
 Staphylococcus aureus is a dangerous opportunistic human pathogen, 
carried by about 30% of the population. It has been implicated in a variety of 
diseases, ranging from minor skin infections to more serious invasive diseases. A 
large number of virulence factors are known to contribute to staphylococcocal 
pathogenesis. These include surface proteins assisting in host colonization [114], 
invasins and proteases that promote bacterial spreading, surface factors such as 
protein A that inhibits phagocytic engulfment, and toxins that damage host cell 
membranes [115]. These multiple virulence mechanisms plus various antibiotic 
resistance strategies have made S. aureus exceptionally successful in subverting 
its human host. Notably, for many years S. aureus was considered to be an 
extracellular pathogen. Recent studies have, however, shown that this organism 
has also the capacity to function as an intracellular pathogen [62,65,66]. It has 
been reported that S. aureus can survive in endothelial and epithelial cells [59] as 
well as in osteoblasts [60] thereby causing persistent infections such as 
endocarditis [61], and osteomyelitis . Moreover, it is now known that professional 
phagocytes provide a favourable environment for intracellular survival of S. 
27
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aureus. Consistent with this notion, recent studies have revealed that S. aureus is 
highly resistant to neutrophil- and macrophage-mediated killing [65,66]. 
 Defining the mechanisms by which S. aureus successfully colonizes and 
subverts its human host remains highly complicated. A dissection of host 
signalling pathways involved in staphylococcal infections is even more 
troublesome without prior knowledge as to which pathways are involved. Kinase 
profiling analyses implement array technologies that comprehensively measure 
enzymatic signalling activities (i.e. kinase activities) present in whole cell lysates, 
usually by employing peptide substrates [116]. For this purpose, peptide arrays 
have been assembled that contain the entire complement of consensus 
phosphorylation sites of protein kinases deposited in the Phosphobase 
(http://phospho.elm.eu.org/). These arrays allow the detection of a very wide 
range of phosphorylation events, even those mediated by unconventional 
prokaryotic kinases [117], and they have been used to provide comprehensive 
descriptions of complex kinase activities present in whole cell lysates [118,119]. 
Here we have employed kinase profiling to approach questions involving the 
nature and time resolution of the cellular human THP-1 macrophage response 
towards S. aureus infection. In parallel, gel-free proteomics was employed for 
monitoring staphylococcal responses to the THP-1 macrophages. Interestingly, 
our results challenge the classical concept that macrophage responses to bacteria 
like S. aureus are mainly mediated through TLR and NF-κB signalling, and they 
highlight the important role of the stress-activated MAP kinase signalling 
cassettes in orchestrating the host defence.  
Results and Discussion 
Signal transduction in THP-1 macrophages upon interaction with S. aureus 
Phagocytosis of a bacterial pathogen is a complicated process that involves 
numerous interactions not only between the pathogen and the phagocyte, but 
also between signalling pathways within the phagocyte. Eventually, these 
interactions lead to pathogen internalization and destruction. However, bacteria 
such as S. aureus have evolved many effective mechanisms for immune evasion, 
and it seems likely that phagocyte invasion by these bacteria might be an 
important step in the invasion of host cells and subsequent intracellular survival. 
To obtain insights in the changes in signal transduction in human macrophages 
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upon phagocytosis of S. aureus, we incubated human THP-1 macrophages for 15 
min, 1 h or 24 h with S. aureus NCTC 8325 and analyzed the effects on kinase 
activity employing peptide arrays (schematically represented in Figure 1). The S. 
aureus strain NCTC 8325 was selected for these studies, because this strain has 
been used in many previous studies on staphylococcal virulence, and because its 
sequenced genome facilitated the proteomics analyses of staphylococcal cells 
exposed to the THP-1 macrophages (see below). As shown in Figure 2, S. aureus 
cells were effectively bound and internalized by THP-1 macrophages already after 
15 min of incubation. Importantly, substantial numbers of the internalized S. 
aureus cells were able to survive for at least 24 h (Figure 2C). Kinase profiling of 
the responses within the macrophages revealed that 366 peptides are substrates 
of kinases of which the activities are significantly different upon incubation with 
or without S. aureus. We then grouped these peptides according to the signalling 
pathways in which the respective kinases are involved, and also by taking into 
account whether the respective kinase activity is up- or downregulated compared 
with the control of uninfected macrophages. Supplementary Table 1 lists the 
peptide substrates that were phosphorylated to significantly different extents 
when THP-1 macrophages were incubated with or without S. aureus for 15 min, 
and Supplementary Table 2 lists the peptide substrates that were phosphorylated 
to significantly different extents when THP-1 macrophages were incubated with 
or without S. aureus for 1 h or 24 h. Supplementary Tables 1 and 2 also provide 
information on the corresponding protein substrates and upstream kinases. 
Further details on the kinase profiling are presented in Supplementary Table 3. All 




































































































































































































































































































































Figure 2.  Scanning Electron Microscopic image of S. aureus phagocytosis by a THP-1 macrophage after 15 
minutes of incubation. Panels A and B represent different magnifications of the same image. (C) Survival 
rates of S. aureus cells inside and outside the THP-1 macrophages. Colony forming units (CFU) were deter-
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Figure 3. Activity of different kinases and phosphorylation pathways in THP-1 macrophages incubated with 
S. aureus. THP-1 macrophages were incubated with S. aureus NCTC 8325 cells for 15 min, 1 h or 24 h. As a con-
trol, macrophages were incubated without S. aureus cells. Kinase profiling and data analyses were performed as 
described in the Materials and Methods section. (A) Overview of kinases and signalling pathways that are influ-
enced upon incubation of THP-1 cells with S. aureus. (B) Up- and downregulation of kinase activities in THP-1 
macrophages incubated with S. aureus. A fold change of 1 represents the situation where the phosphorylation of 
respective peptides is identical in THP-cells incubated with or without S. aureus. A fold change of > 1 indicates that 
the phosphorylation intensity of particular peptides was increased when THP-cells were incubated with S. aureus, 
and a fold change <1 indicates that the phosphorylation intensity of particular peptides was decreased when THP-
cells were incubated with S. aureus. Calculated values of the 36 presented up- or down-regulated kinase activities 
are based upon the data in Supplementary Table 3. The Table below the heat map lists the average correlation 
coefficients of three data sets obtained from samples of THP-1 macrophages incubated with S. aureus or the con-
trol samples of THP-1 macrophages incubated without S. aureus at each time point (15 min, 1 hour and 24 hours). 
The respective correlation coefficients were derived from the plots presented in Supplementary Figure 3, which is 
available on the Journal of Proteome Research website http://pubs.acs.org/doi/abs/ 10.1021/pr200224x?prevSea
rch=Miller%2BMalgorzata&searchHistoryKey=..
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Early signalling events and regulation of actin dynamics 
Incubation of THP-1 macrophages with S. aureus for 15 min resulted in the 
activation of known signalling pathways for early phagocytosis and cytoskeletal 
rearrangement. During the first 15 min post infection, we noted activation of the 
cyclic adenosine 3,5-monophosphate (cAMP)-dependent protein kinase A (PKA), 
Ca2+-dependent kinases (i.e. the calmodulin-dependent kinase II (CaMKII) and the 
protein kinase C (PKC)), the phosphatidylinositol 3-kinase (PI3K), the Akt kinase, 
and the mitogen-activated protein kinase ERK. Moreover, we observed induction 
of the ataxia telangiectasia mutated (ATM) and ATM-Rad3-related (ATR) kinases, 
which are involved in the DNA damage response, and of tyrosine receptor kinases 
that regulate the insulin receptor (INSR) and the vascular endothelial growth 
factor receptor (VEGFR). An overview of the kinases that were found to be 
activated in THP-1 macrophages upon incubation with S. aureus is presented in 
Figure 3, and the respective signalling pathways are schematically represented in 
Figure 4.  
 The observed activation of PKA is most likely regulated by a change in the 
cellular cAMP concentration (Figure 4). The secondary messenger cAMP has a 
fundamental role in the cellular responses to many extracellular stimuli, and it 
controls a diverse range of cellular processes. The main source of cAMP in the cell 
is ATP, which is converted to cAMP by adenylyl cyclase (AC). Binding of PKA to 
cAMP results in a conformational change in PKA, which causes the dissociation of 
the holoenzyme and activation of PKA.  
 Interestingly, the presence of S. aureus results in activated CaMKII, which 
implies an upstream regulation by the phospholipase C (PLC) and changes in the 
cytoplasmic Ca2+ concentration as well as activation of the downstream Ca2+ 
signalling pathways (Figure 4). The cytoplasmic concentration of Ca2+ is regulated 
by PLC, which hydrolyses phosphatidylinositol 4,5-bisphosphate (PtdInsP2) in the 
plasma membrane. The inositol phosphates generated by PLC (e.g. IP3) bind to 
specific channels in the endoplasmic reticular (ER) membrane thereby causing 
Ca2+ release from the ER into the cytoplasm. This then results in an increase  
of the cytoplasmic Ca2+ concentration from ~100 nM to up to 1 µM. This rise  
in the cytoplasmic Ca2+ levels is known to trigger CR3- and FcγR-mediated 
phagocytosis by neutrophils and macrophages [120,121]. Moreover, Ca2+ 
regulates cytoskeletal changes [122], actin filament severing [123], and it binds to 
annexins and calmodulin (CaM) [124,125]. Binding of Ca2+ to CaM, triggers a 
33
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conformational change and allows the Ca2+-CaM complex to bind to numerous 
effector proteins [126]. Ca2+-CaM is required for fusion of endocytic vesicles 
with the yeast vacuole (a homologue of mammalian lysosomes), endosome-
endosome fusion, receptor recycling, exocytosis, and transcytosis [127,128,129]. 
Ca2+-CaM also binds to the calmodulin-dependent kinase II (CaMKII), which is a 
serine/threonine kinase that was shown to regulate endosome-endosome fusion 
[130,131]. In resting cells, CaMK is present in its auto-inhibited state. However, 
binding of Ca2+-CaM to CaMKII relieves autoinhibition and activates CaMKII [132], 
which seems to happen when THP-1 cells are incubated with S. aureus. 
 The observed activation of PKC by the presence of S. aureus is consistent 
with the finding that CaMKII is activated (Figure 4). This relates to the fact that the 
second product of PtdInsP2 hydrolysis by PLC is diacylglycerol DAG. The main 
function of DAG, which remains associated with the membrane, is activation of 
kinases of the PKC family. PKCs are cytosolic proteins, but it has been proposed 
that they might be associated also with the plasma membrane in response to 
various stimuli such as Ca2+ and/or DAG [133]. Notably, it was reported that PKCα 
localizes to the phagosome membrane during FcγR- and complement-mediated 
phagocytosis [134,135]. While complement was absent in the present studies due 
to heat inactivation, our media probably contained some fetal bovine IgGs. 
However, we believe that FcγR-mediated phagocytosis plays only a minor role, if 
any, in the present studies because of the activity of the IgG-binding proteins SpA 
and Sbi of S. aureus, which bind the Fc domain of IgG at the bacterial cell surface 
to evade recognition by FcγR.  
 Our kinase profiling results show also an activation of the PI3K pathway. 
PI3K phosphorylates phosphatidylinositol 4,5-biphosphate lipids (PtdInsP2, PIP2), 
which are the major regulators of actin remodelling [136] (Figure 4). Accordingly, 
PI3K regulates phagocytosis by modulating pseudopod extension [137] and 
phagosome maturation [138]. Furthermore, PI3K activates many downstream 
signalling molecules, such as the phosphoinositide-dependent kinase-1 (PDK-1), 
anti-apoptotic Akt [139], PKC [140,141] and the Rho family GTPase protein Rac. 
Notably, Rac is a key regulator of cytoskeletal extensions, actin polymerization, 
particle engulfment and the formation of lamellipodia and phagosomes [142,143], 
which requires the Rac-mediated activation of the p21-activated kinase 1 (PAK1) 
[144]. Indeed, kinase profiling revealed the activation of PAK1, which implies that 
Rac was activated in the presence of S. aureus. It has been suggested that PAK is 
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an upstream regulator of the vimentin network [145] and, interestingly, this may 
also apply to S. aureus infections since we observe up to two-fold increased 
phosphorylation of the vimentin peptide by PAK. Vimentin is a member of the 
intermediate filament (IF) family of proteins and, together with microtubules and 
actin filaments, vimentin forms the cytoskeletal framework in the cytoplasm of 
various eukaryotic cells. The reorganization of IF is regulated by serine/threonine 
kinases through IF phosphorylation. Although it was shown that PAK 
phosphorylates vimentin only in smooth muscle cells, our results suggest that 
regulation of vimentin by PAK might play an important role in phagocytosis of S. 
aureus, which is a novel finding.  
 Also the anti-apoptotic ERK pathway is induced during the phagocytosis of 
S. aureus by human THP-1 macrophages. The phosphorylation profile indicates 
activation of R-Ras by receptor tyrosine kinase phosphorylation. Ras is an 
upstream regulator of the Raf-MEK-ERK1/2 cascade (Figure 4). Interestingly, we 
observed increased phosphorylation of Raf peptides by the PKA and Akt kinases at 
serine residues 259 and 365, respectively. This is known to cause inhibition of Raf 
as was observed in the present experiments (Figure 3). In turn, this is in the 
agreement with the observed downregulation of MEK activity. Despite the 
reduced activity of MEK we still noted activity of ERK (Figure 3), which implies that 
ERK can be activated independently of Raf and MEK upon phagocytosis of S. 
aureus. A Ras-Raf-MEK-independent activation of ERK was proposed in studies on 
the cellular responses to Chlamydia trachomatis infection. In these studies it was 
shown that increased phosphorylation (and inhibition) of Raf at serine-259 caused 
increased pathogen growth inside HeLa cells [144]. Non-linear activation of ERK 
independently of the Ras-Raf-MEK pathway also seems to occur during infection 
with Mycobacterium leprae [146]. Together, these findings support the view that 
S. aureus is able to manipulate pro-apoptotic defence mechanisms by activating 
the pro-survival ERK cascade to its own benefit [147].  
 Another important group of kinases, which were activated upon exposure 
of THP-1 cells to S. aureus, are the cytoskeletal kinases of the Src family of 
tyrosine kinases (Src, Fyn, Lyn and Lck) and Syk (Figures 3 and 4). We observed 
that the activity of Fyn, Lyn and Lck was decreased, whereas the Src and Syk 
kinases appeared more active when S. aureus was present. The Src family kinases 
and Syk have been reported to play crucial roles in signal transduction through 
classical immunoreceptors, such as Fc receptors [148]. Interestingly kinase 
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profiling did not show any phosphorylation or activation of important proteins 
involved in cytoskeleton rearrangement and phagosome formation, such as 
paxillin and the focal adhesion kinase. 
 The kinase profiling results suggest that the PKA, PI3K and PLC could be 
regulated by G protein-coupled receptors (GPCR) during incubation of THP-1 
macrophages with S. aureus (Figure 4). However, we also observed reduced 
phosphorylation of two GPCR receptors, namely the C-C chemokine receptor type 
5 (CCR5) and the complement component 5a receptor 1 (C5aR). The CCR5 is 
known to play a role in Yersinia pestis infection as it has been shown that uptake 
of Y. pestis by macrophages lacking this receptor was significantly decreased 
[149]. The second receptor C5aR plays a significant role in early non-specific 
immune responses, which include the migration of neutrophils and macrophages 
to the site of infection, phagocytosis, generation of superoxide anions, and 
degranulation [150]. C5aR is activated by anaphylatoxin C5a and bacterial 
excretion products, such as formylated peptides (fMLP). Both chemoattractants 
bind to C5aR causing its phosphorylation and subsequent activation. The lower 
phosphorylation of C5aR as observed by kinase profiling might be caused by its 
binding to the staphylococcal chemotaxis inhibitory protein (CHIPS), which is 
known to block this receptor thereby inhibiting C5a- and fMLP-induced Ca2+ 
mobilization in neutrophils and monocytes. A function of CCR5 in S. aureus 
recognition has not been described so far. However, it was recently reported that 
staphylococcal enterotoxin A (SEA), which is encoded by the same SaPI5 
pathogenic island as CHIPS in S. aureus NCTC 8325, does inhibit CCR5, CCR2 and 
possibly CCR1 [151]. If so, this suggests that the S. aureus cells used in this study 
did not produce sufficient amounts of CHIPS to inhibit CCR5, even though they did 
contain SaPI5.   
 It has been shown that the scavenger receptor CD36 and integrins are 
also involved in S. aureus recognition and uptake (Figure 4). Integrins form a 
major family of cell-surface-adhesion receptors that bind to extracellular matrix 
(ECM) proteins, such as laminin, vitronectin, collagen, fibronectin (FN), elastin and 
fibrinogen [152,153]. Activation of integrins might be caused by ECM-mediated 
binding to S. aureus. Numerous studies have shown that S. aureus produces a 
variety of surface-exposed proteins that can bind to ECMs and these proteins are 
thought to play a role in host tissue colonization, invasion of host cells, and 
ingestion by the host [154]. For example, the fibronectin-binding protein (FnBP) is 
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one of the staphylococcal ECM-binding proteins which, by binding to the host cell 
α5β1 integrin, forms a bridge between S. aureus and the host cell. This will then 
lead to bacterial uptake by macrophages and activation of integrin signalling. It 
has been shown that macrophages lacking integrin β1 exhibit defective 
phagocytosis of S. aureus [155,156].   
 The scavenger receptor CD36 can also mediate S. aureus phagocytosis and 
cytokine production in response to the staphylococcal cell wall component 
lipoteichoic acid (LTA). CD36 was shown to be required for S. aureus 
internalization and it plays a role as a TLR-independent signalling receptor (Figure 
4). Activation of this receptor leads to increased activity of Src kinases (Fyn, Yes, 
Lyn) and induces proinflammatory downstream signalling via the JNK signalling 
pathway, which is independent to TLR2/4 and is associated with pathogen 
phagocytosis [157,158]. Interestingly we did not find any activated kinases 
involved in Toll-like receptor 2 (TLR2) signalling, which might suggest that TLR2 is 
not a primary receptor for S. aureus recognition under our experimental 
conditions. After 15 min of incubation, we also observed an increased activity of 
the ataxia telangiectasia mutated-(ATM) and ATM-Rad3-related (ATR) kinases 
(Figures 3), which are  involved in the DNA damage response (Figure 4). After 1 
hour this activity was decreased, but after 24 hours we observe that the amounts 
of up- and downregulated peptides, phosphorylated by ATM/ATR kinases were 
equal, suggesting that other kinases counteracting ATM/ATR were activated. Both 
ATM and ATR are serine-threonine protein kinases that are recruited and 
activated by DNA double-strand breaks. They phosphorylate several key proteins 
that initiate activation of the DNA damage checkpoint, leading to cell cycle arrest, 
DNA repair or apoptosis. Several of these targets, including p53, CHK2 and H2AX 
are tumor suppressors. While double-strand breaks (DSBs) have been regarded as 
a major signal for ATM activation, there is evidence that ATM is also involved in 
oxidative stress, when ATM/ATR targets are phosphorylated in response to 
hypoxia and reoxygenation, the condition during oxidative burst [159,160]. Nitric 
oxide can also induce the activation and phosphorylation of p53 through 
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Figure 4. Overview of the signalling pathways active after 15 min incubation of THP-1 cells with S. aureus. 
The kinase profiling results indicate that during incubation with S. aureus three main pathways are active in THP-1 
cells, namely the cAMP-dependent pathway, the Ca2+-dependent pathway, and the PI3K pathway. These pathways 
might be regulated during S. aureus infection by different receptors such as the G-protein coupled receptor (GPCR), 
integrins, the scavenger receptor CD36, the receptor tyrosine kinase (RTK), and the Fcγ receptor. For abbreviations 
of kinases see Results and Discussion. The numbers indicate the Pepscan numbers of peptides in the arrays that 
were differentially phosphorylated by extracts of THP-1 cells incubated with or without S. aureus (for details see 
Supplementary Table 1 available on JPR website). Kinases that are downregulated are indicated in green, kinases 
that are upregulated are indicated in red, and kinases that are possibly involved in the active signalling pathways 
are indicated in yellow. Direct stimulations are indicated by blue arrows, tentative stimulatory effects are indicated 
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JNK signalling pathway  
Next, we analyzed the signalling cascades in macrophages incubated with S. 
aureus for 1 h. The kinase profiling results show a strong activation of kinases 
involved in the pro-inflammatory c-Jun N-terminal kinase (JNK) and p38 MAP 
kinase pathways (Figures 3 and 5), and these findings were fully supported by 
Western Blotting (Figure 6). Activation of the JNK cascade in S. aureus-infected 
macrophages was previously shown to reduce the superoxide level in 
macrophages and prolonged survival of S. aureus in phagosomes. It has also been 
reported that induction of the JNK pathway is regulated by TLR2 [163]. However, 
in our experimental setup we did not observe an activation of the TLR2 signalling 
cascade. Instead, we observed a two-fold increase in the phosphorylation of 
p90RSK (Figure 3), a transcription factor activated in the Ras-Raf-MEK-ERK 
pathway in response to reactive oxygen species (ROS). It has been reported that 
the Fyn kinase is also required for activation of p90RSK [164], which is in 
agreement with our results that show a significantly increased activity of Fyn 
(Figure 3). Interestingly, activation of p90RSK was shown to lead to increased 
survival of Candida albicans in mouse macrophages [165] and, judged by our 
findings, the same might be true for S. aureus. Consistent with this view, we 
observed significant survival rates of S. aureus inside THP-1 macrophages even 
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Figure 5. Activation of the JNK and p38 MAPK pathways after 1 hour incubation of THP-1 cells with 
S. aureus. The scheme represents kinases that are potentially activated by oxidative stress during S. aureus 
phagocytosis. The numbers next to the kinase names indicate the Pepscan numbers of peptides in the 
arrays that were differentially phosphorylated by extracts of THP-1 cells incubated with or without 
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Late response of macrophages towards S. aureus
To study signal transduction in macrophages incubated with S. aureus for 24 h, we 
incubated THP-1 macrophages with S. aureus for 1 h. Next, we removed the 
extracellular bacteria, washed the macrophages, added gentamicin and incubated 
the macrophages with internalized bacteria for another 23 h. Then we performed 
a kinase profiling analysis on the macrophages (summarized in Figure 1). After 24 
hours incubation we observed decreased activity of the cAMP-dependent PKA and 
Akt kinases, which are known to inhibit apoptosis (Figure 3). Interestingly, we also 
noted increased phosphorylation of peptides phosphorylated by tyrosine kinases 
(Syk, Lck and Src), receptor tyrosine kinases (PDGFR and INSR), and other kinases 
involved in cytoskeletal rearrangement and phagocytosis. We observed 2.5-fold 
and 2.1-fold increase in phosphorylation of the breast tumor kinase (Brk) and the 
epidermal growth factor receptor (EGFR) peptides. Brk is the tyrosine kinase 
upregulated in metastatic breast tumors [166]. Recently, Brk has been reported to 
be activated by EGFR and to promote cell migration and invasion [167]. Moreover, 
we observed increased phosphorylation of the C1R and C3 complement peptides 
(2.0 and 1.8-fold) and the tumor suppressing oxidoreductase WWOX (1.7-fold). It 
has been previously reported that components of the complement system can 
induce apoptosis, and that this requires activation of the WWOX by C1R [168]. 
Additionally, Hanayama et al. have recently shown that the complement system is 
also involved in local opsonisation for removal of apoptotic cells by macrophages 
at sites of inflammation [169]. Taken together, the observed changes in anti-
apoptotic signalling pathways and pathways regulating cytoskeletal activity 
suggest that after 24 hours of incubation some of the infected macrophages start 
to go into apoptosis. Such apoptotic macrophages might then be phagocytosed by 
non-apoptotic macrophages. However, no clear decrease in the numbers of 
macrophages was observed within 24 h incubation in the presence of S. aureus 
(Supplementary Figure 2 - please see JPR website). 
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Identification of S. aureus proteins  
To study the responses of S. aureus to the THP-1 human macrophages, we 
performed a gel-free proteomic analysis on non-phagocytosed S. aureus cells 
incubated for 1 h with and without THP-1 cells. The detailed data of the 
proteomics analyses are provided in Supplementary Table 4, and these results are 
summarized in Supplementary Table 5 and Figure 7. After 1 h incubation of S. 
aureus with THP-1 cells, we noticed a strong decrease of proteins involved in 
translation and a concomitant increase of proteins responsible for cell metabolism 
(Figure 7B, Supplementary Table 5). Thus, the bacteria incubated with 
macrophages seem to show a “stringent response” due to nutritional stress. This 
stringent control is one of the most intensively studied systems of gene regulation 
in bacteria. It is provoked by a rapid accumulation of the alarmones GDP 3’-
diphosphate or GTP 3’-diphosphate ((p)ppGpp) upon nutrient limitation. The 
proteins responsible for the synthesis of ((p)ppGpp) are RelA and SpoT. Alarmone 
accumulation causes rRNA and tRNA degradation, and over-expression of genes 
Figure 6. Western blotting controls for S. aureus-induced changes in peptide phosphorylation. THP-1 
macrophages were incubated for 15 min, 1 h or 24 h with S. aureus NCTC 8325. As a control THP-1 
macrophages were incubated in the absence of S. aureus (N/A). All THP-1 lysates used for Western 
blotting relate to the same samples that were used for kinase profiling. The membranes were probed 
with antibodies that are specific for the phosphorylation state of the respective proteins. The apparent 
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Figure 6. Western blotting controls for S. aureus-induced changes in peptide phosphorylation. THP-1 
macrophages were incubated for 15 min, 1 h or 24 h with S. aureus NCTC 8325. As a control THP-1 
macrophages ere incubated in the absence of S. aureus (N/A). All THP-1 lysates used for Western blot-
ting relate to the same samples that were used for kinase profiling. The membranes were probed with 
antibodies that are specifi  for the phosphorylation state of t e r s ti  proteins. The a parent 
molecular weight of each protein is indicated.
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involved in amino acid biosynthesis to help bacteria survive under stress 
conditions. Moreover, it has been recently reported that RelA is the key enzyme 
of the stringent response in Bacillus subtilis, which plays a prominent role in 
nutritional stress activation of σB [170]. Consistent with the B. subtilis data, our 
results also reveal the activation of σB in S. aureus cells incubated with 
macrophages as exemplified by the detection of elevated levels of the RsbV and 
RsbW proteins and subunits of the ATP-dependent Clp protease (Supplementary 
Table 5) [171]. Moreover, we also observed the increase of proteins involved in 
the response to oxidative stress (e.g. thioredoxin and the redox-sensing 
transcriptional repressor Rex), protein secretion (e.g. the foldase PrsA and the 
preprotein translocase subunit SecY), and heme biosynthesis (e.g. ferrochelatase 
and the delta-aminolevulinic acid dehydratase) (Supplementary Table 5 available 
on JPR website).  
Notably, in the samples of S. aureus incubated with macrophages, we 
detected two phenol-soluble modulins (PSMs, Q2FZA4 and Q2FZA3, 
Supplementary Table 5). PSMs are important virulence factors of S. aureus that 
lyse neutrophils and other cell types, and that elicit a series of proinflammatory 
responses. Furthermore, it has been reported that PSMs from Staphylococcus 
epidermidis induce production of the tumor necrosis factor-alpha (TNF-alpha) and 
the transcription factor nuclear factor κB (NF-κB) in THP-1 macrophages 
[172,173]. Binding of TNF-alpha to TNF receptors (TNF-R1 and/or TNF-R2) can lead 
to activation of the JNK and p38 pathway. Therefore, activation of JNK and p38 
MAP kinases, as it was shown in our kinase profiling data might be influenced by 
the presence of PSMs and subsequent production of TNF-alpha.  
 S. aureus cells grown in the presence of THP-1 cells were shown to 
produce the staphylococcal serine/threonine kinase PknB (Q2FZ64; also known as 
Stk1, Supplementary Table 5), whereas this protein was not detectable in cells 
incubated without THP-1 cells. PknB is a staphylococcal serine/threonine kinase 
involved in cellular and cell wall metabolism, antibiotic resistance and virulence 
[103,174]. We have recently shown that PknB can be released from the bacterial 
cells into the extracellular milieu. This finding opens up the possibility that human 
proteins are phosphorylated by PknB, for example when S. aureus is ingested by 
host cells [117]. Consistent with this view, PknB was recently detected in cells of S. 
aureus RN1HG that were internalized by human airway epithelial cells [175]. 
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Figure 7. Overview of identified S. aureus proteins. (A) The Venn diagram shows the numbers of identified pep-
tides of proteins from S. aureus NCTC 8325 that were detected when S. aureus was cultivated in the presence 
or absence of THP-1 macrophages. The Venn diagram was generated using the BioInfoRX Venn diagram plotter 
(http://bioinforx.com/free/bxarrays/venndiagram.php#). (B) Voronoi treemap based on the KEGG gene orthology 
for S. aureus, visualising the function of the identified proteins. Each small field represents an independent protein. 
Proteins identified exclusively in S. aureus cells cultured in RPMI are indicated in green, proteins found exclusively 
in S. aureus cultured in RPMI in presence of THP-1 macrophages are indicated in red, and proteins present in both 
conditions are indicated in yellow. Proteins labelled in grey were not detected. (C) Changes in the amounts of 
S. aureus proteins upon incubation with THP-1 cells. Reduced protein levels are indicated in shades of green, and 




























































































































































































































































involved in amino acid biosynthesis to help bacteria survive under stress 
conditions. Moreover, it has been recently reported that RelA is the key enzyme 
of the stringent response in Bacillus subtilis, which plays a prominent role in 
nutritional stress activation of σB [170]. Consistent with the B. subtilis data, our 
results also reveal the activation of σB in S. aureus cells incubated with 
macrophages as exemplified by the detection of elevated levels of the RsbV and 
RsbW proteins and subunits of the ATP-dependent Clp protease (Supplementary 
Table 5) [171]. Moreover, we also observed the increase of proteins involved in 
the response to oxidative stress (e.g. thioredoxin and the redox-sensing 
transcriptional repressor Rex), protein secretion (e.g. the foldase PrsA and the 
preprotein translocase subunit SecY), and heme biosynthesis (e.g. ferrochelatase 
and the delta-aminolevulinic acid dehydratase) (Supplementary Table 5 available 
on JPR website).  
Notably, in the samples of S. aureus incubated with macrophages, we 
detected two phenol-soluble modulins (PSMs, Q2FZA4 and Q2FZA3, 
Supplementary Table 5). PSMs are important virulence factors of S. aureus that 
lyse neutrophils and other cell types, and that elicit a series of proinflammatory 
responses. Furthermore, it has been reported that PSMs from Staphylococcus 
epidermidis induce production of the tumor necrosis factor-alpha (TNF-alpha) and 
the transcription factor nuclear factor κB (NF-κB) in THP-1 macrophages 
[172,173]. Binding of TNF-alpha to TNF receptors (TNF-R1 and/or TNF-R2) can lead 
to activation of the JNK and p38 pathway. Therefore, activation of JNK and p38 
MAP kinases, as it was shown in our kinase profiling data might be influenced by 
the presence of PSMs and subsequent production of TNF-alpha.  
 S. aureus cells grown in the presence of THP-1 cells were shown to 
produce the staphylococcal serine/threonine kinase PknB (Q2FZ64; also known as 
Stk1, Supplementary Table 5), whereas this protein was not detectable in cells 
incubated without THP-1 cells. PknB is a staphylococcal serine/threonine kinase 
involved in cellular and cell wall metabolism, antibiotic resistance and virulence 
[103,174]. We have recently shown that PknB can be released from the bacterial 
cells into the extracellular milieu. This finding opens up the possibility that human 
proteins are phosphorylated by PknB, for example when S. aureus is ingested by 
host cells [117]. Consistent with this view, PknB was recently detected in cells of S. 
aureus RN1HG that were internalized by human airway epithelial cells [175]. 
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Binding of human proteins to S. aureus 
To identify human proteins that bind to S. aureus, we incubated THP-1 
macrophages with S. aureus. After 1 h, we collected non-phagocytosed S. aureus, 
disrupted the cells and performed MS analysis. The obtained MS data was 
searched against a database with human proteins. The results showed that during 
incubation with the THP-1 macrophages several human proteins were bound by S. 
aureus (Table 1 and Supplementary Table 6 available on JPR website).   
 Two proteins that were bound by S. aureus are so-called heat shock 
proteins (HSPs) of the HSP60 and HSP70 type. Recent studies showed that HSPs 
are not only induced by heat, but also by other stimuli such as growth factors, 
inflammation, and infection [176]. Human HSP60 and HSP70 were reported to 
activate macrophages and dendritic cells via TLR4 and/or TLR2 [177]. Srivastava 
et.al have shown that HSPs are endogenous adjuvants, which can be used to 
induce strong tumor- or pathogen-specific immunity [178,179]. Moreover GP96 or 
HSP70 were shown to induce NO production in murine and human macrophages 
[178]. There are several possible explanations why the HSPs were found in 
association with S. aureus cells. For example, some of the S. aureus cells may have 
lysed during the incubation with THP-1 cells leading to the release of DNA into the 
extracellular milieu. If so, unmethylated CpG motifs in bacterial DNA may have 
triggered the release of HSP70 and an inflammatory response [180]. This would be 
consistent with the observed upregulation of Rac, JNK, and p47phox (Figures 3, 4 
and 5). Furthermore, binding of HSP60 to both staphylococcal FnBP and human 
fibronectin was shown to mediate staphylococcal internalization by epithelial cells 
[181]. More recently, the heat shock cognate protein Hsc70 was shown to bind 
the major S. aureus autolysin Atl thereby functioning as a host cell receptor in 
epithelial cells [175]. Indeed, we identified Atl in all staphylococcal samples so, by 
analogy, this protein might be involved in HSP70 binding. 
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Table 1. Human proteins bound to S. aureus NCTC 8325 incubated with THP-1 macrophages.
Accession Identified Proteins
IPI00026271 40S ribosomal protein S14
IPI00221092 40S ribosomal protein S16
IPI00021439 Actin, cytoplasmic 1
IPI00008274 Adenylyl cyclase-associated protein 1
IPI00020599 Calreticulin precursor
IPI00299571 CDNA FLJ45525 fis, clone 
BRTHA2026311, highly similar to 
Protein disulfide isomerase A6
IPI00015911 Dihydrolipoyl dehydrogenase, mito-
chondrial precursor
IPI00465248 enolase 1
IPI00465439 Fructose-bisphosphate aldolase A
IPI00472102 Heat shock protein 60
IPI00410714 Hemoglobin subunit alpha
IPI00479217 Heterogeneous nuclear ribonucle-
oprotein U isoform b
IPI00217465 Histone H1.2
IPI00018534 Histone H2B type 1-L
IPI00453473 Histone H4
IPI00009865 Keratin, type I cytoskeletal 10
Accession Identified Proteins
IPI00217963 Keratin, type I cytoskeletal 16
IPI00019359 Keratin, type I cytoskeletal 9
IPI00220327 Keratin, type II cytoskeletal 1
IPI00021304 Keratin, type II cytoskeletal 2 epider-
mal
IPI00009867 Keratin, type II cytoskeletal 5
IPI00335168 myosin, light chain 6, alkali, smooth 
muscle and non-muscle isoform 1
IPI00026519 Peptidyl-prolyl cis-trans isomerase, 
mitochondrial precursor
IPI00216691 Profilin-1
IPI00010796 Protein disulfide-isomerase precursor
IPI00784179 pyruvate kinase 3 isoform 2
IPI00007765 Stress-70 protein, mitochondrial 
precursor
IPI00216298 Thioredoxin
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A second class of human proteins that we found to bind to S. aureus cells 
were histones. Histones are alkaline nuclear proteins that package and order the 
eukaryotic DNA into structural units called nucleosomes. Interestingly, the 
histones H1.2 and H4 were shown to have antimicrobial activity against S. aureus 
and several other bacteria [168,182], and the histone H1 was shown to protect 
mice against infection with Leishmania major [183,184]. Moreover, histones and 
antimicrobial peptides are also components of so called extracellular traps (ETs). 
ETs are formed by phagocytes after stimulation with mitogens, cytokines or 
pathogens themselves, and upon induction of ROS. ETs consist of nuclear or 
mitochondrial DNA as a backbone with antimicrobial peptides, histones, and cell-
specific proteases. It has been shown that ETs are formed to entrap and kill 
microbes, such as S. aureus [185,186], Streptococcus pyogenes [187], and 
Streptococcus pneumoniae [188]. Notably, while the inclusion of histones in ETs 
can have beneficial effects in combating infection, histones can also be very 
detrimental. For example, they were shown to be toxic for endothelial cells in 
vitro, and injection of histones into mice caused the symptoms of sepsis, including 
organ failure [189]. Finally, histone-like proteins have recently been implicated in 
the adherence of Streptococcus gallolyticus to colon adenocarcinoma cells [190]. 
While we did not detect such proteins from S. aureus, the identification of human 
histones bound by S. aureus opens up the possibility that these histones serve a 
role in staphylococcal adhesion to host cells. 
 Since there was a possibility that certain FCS proteins present in the 
growth medium might also bind to S. aureus, we compared the results from 
searches against human and bovine databases. Indeed, we identified five peptides 
representing four different bovine proteins in the samples of S. aureus cells grown 
in medium supplemented with 10% FCS (no THP-1 macrophages present). In 
contrast, the samples from the bacteria that were challenged with macrophages 
and grown in RPMI supplemented with 10% FCS resulted in the identification of 
45 potentially 'bovine' peptides corresponding to 36 proteins (Supplementary 
Table 6). For 24/22 of these peptide/proteins, the peptide identifications in the 
bovine database can be explained by their homology with human proteins. 
Moreover, for three of these proteins we also identified peptides that were 
specific for the respective human proteins. We therefore conclude that at least 
these three proteins originate from the macrophages and not from the FCS. 
Furthermore the search against the bovine database resulted in 21/14 truly 
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bovine-specific peptide/proteins identifications. A possible explanation why these 
bovine proteins were only identified in samples of S. aureus cells incubated in the 
presence of THP-1 macrophages is that the macrophage challenge may have 
induced changes in the staphylococcal cell surface that then promoted the 
binding of FCS proteins. Alternatively, the bovine proteins associated with human 
proteins that were bound to the staphylococcal cell surface. 
Conclusion 
Taken together, our present studies represent a first snapshot of the complex 
phosphorylation networks that are triggered in human macrophages 
encountering staphylococcal cells. Conversely, the proteomics data provide novel 
insights into the responses of S. aureus to the presence of macrophages, and 
possible interactions between staphylococcal cells and human proteins. The 
results reveal an intricate network of signalling events mediating responses to S. 
aureus, markedly different from the classical view in which a canonical pathway 
acting through TLR receptors and NF-kB coordinates the host response. The 
integrated approach pursued in the current study thus challenges the classical 
concept that such macrophage responses are mainly mediated through TLR and 
NF-kB signalling and highlight the complexity of signalling cassettes orchestrating 
host defence. 
Materials and Methods 
Bacterial strains and growth conditions 
For invasion experiments, S. aureus strain NCTC 8325 was grown overnight at 
37°C in 10 ml of Trypticase Soy Broth (TSB). The overnight cultures were then 
diluted to an initial optical density at 600 nm (OD600) of 0.08 in 15 ml of TSB and 
grown at 37°C to an OD600 of 0.8, which corresponds to 2.5×10
8 colony forming 
units (CFU). Bacteria were washed three times in phosphate-buffered saline (PBS) 
and resuspended in the invasion medium RPMI (Gibco) supplemented with 2 mM 
L-glutamine (PAA) and 10% heat-inactivated Fetal Bovine Serum (FBS; PAA).  
Cell culture and growth conditions 
THP-1 cells [191] were grown in suspension in RPMI 1640 medium (Gibco) 
supplemented with 2 mM glutamine (PAA) and 10% heat-inactivated FBS (PAA). 
Cell culturing and all subsequent experiments were carried out at 37°C under 5% 
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CO2. Cells were passaged every three days. Cell viability as determined by the 
trypan blue exclusion assay [192] was at least 90% before and during all 
experiments.  
 For kinase profiling assays, 105 cells were seeded in 6-well plates, and 107 
cells were seeded in 150 cm2 flasks (TPP) for proteomics experiments. 
Differentiation and adherence of THP-1 monocytes was induced by incubation 
with 20 ng/ml phorbol 12-myristate 13-acetate (PMA; Sigma Aldrich) for 2 days at 
37°C in 5% CO2 [193]. After 2 days of differentiation, the medium was removed, 
cells were washed three times in PBS, and then the cells were incubated for one 
more day in fresh supplemented RPMI. 
Infection experiments for kinase profiling 
THP-1 macrophages were infected with S. aureus NCTC 8325 at a multiplicity of 
infection (MOI) of 1:50. Macrophages were incubated with bacteria for 15 min, 1 
h or 24 h (schematically represented in Figure 1). As a negative control 
macrophages without bacteria were used and in all subsequent steps these 
macrophages were treated in the same way as the infected macrophages. After 1 
h, medium with non-internalized bacteria was removed, cells were washed three 
times in PBS, and fresh RPMI 1640 medium supplemented with 2 mM glutamine, 
10% heat inactivated FCS and 100 µg/ml gentamicin was added and macrophages 
were incubated for another 23 h. At each time point of sampling (15 min, 1 h, 24 
h), the medium was removed and THP-1 cells were washed three times in PBS 
(PAA). The cells were then lysed with Mammalian Protein Extraction Reagent (M-
PER; Thermo Scientific), and incubated with Halt Protease and Phosphatase 
Inhibitor Cocktails (Thermo Scientific) for 1 h on ice under gentle shaking. Lysed 
cells were scraped from the plates, collected in fresh Eppendorf tubes and 
centrifuged for 10 min (14000 rpm, 4°C) in order to remove cellular debris. Then 
the supernatant was collected and the protein concentration was determined 
using the Micro BCATM Protein Assay Kit (Thermo Scientific). Furthermore, at 
each time point, aliquots of the macrophage lysates and the macrophage growth 
medium were plated to determine the colony forming units of internalized and 
extracellular S. aureus. 
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Scanning electron microscopy 
For scanning electron microscopy, S. aureus was incubated with THP-1 
macrophages for 15 minutes. Samples were fixed for 30 min with 2% 
glutaraldehyde in 0.1 M Cacodylate buffer, pH 7.38. The fixed samples were 
placed on a piece (1 cm2) of cleaved 0.1% Poly-L Lysine coated mica sheet and 
washed in 0.1 M Cacodylate buffer. The specimen were then dehydrated in 
ethanol series consisting of 30%, 50%, 70%, 96% and anhydrous 100% solutions 
(3×) 10 min each, then critical point dried with CO2, and sputter-coated with 2-3 
nm Au/Pd (Balzers coater). The specimen were fixed on a SEM-stub-holder and 
observed in a JEOL FE-SEM 6301F microscope.  
Kinase profiling array analyses 
The specificity of kinases to their substrates is dependent on a multitude of 
factors, like their physical localisation, but a very important factor is the amino 
acid context surrounding the substrate’s threonine, serine, or tyrosine residues 
that are to be phosphorylated. This characteristic of kinases is exploited in kinase 
profiling with peptide arrays. In our approach, we employed the entire 
complement of kinase substrates described in Phosphobase [194], which were 
spotted on hydrogel-coated glass as described by Diks et al [116]. This resulted in 
slides that display 1,152 individual kinase substrates (i.e. peptides) in duplicate. 
The sequences of these peptides and the source proteins from which they were 
derived can be found in the Supplementary Tables 1-3 available on JPR website 
and, in more detail, on http://www.pepscanpresto.com/files/PepChip%20Kinase 
%20Map%20File%200103.xls. Procedures for performing kinase profiling were 
previously described in detail [116]. In short, cells were lysed in 50 μl lysis buffer 
(20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 
2.5 mM sodium pyrophosphate, 1 mM MgCl2, 1 mM glycerophosphate, 1 mM 
Na3VO4, 1 mM NaF, 1 μg/ml Leupeptin, 1 μg/ml Aprotinin, 1 mM PMSF). 
Immediately before the actual profiling, 10 μl of the peptide array incubation mix 
(50% glycerol, 50 μM ATP, 0.05% v/v Brij-35, 0.25 mg/ml BSA, [33P]-γ-ATP (1 MBq)) 
was added to the filtered lysates and the mixtures were loaded onto the peptide 
microarray chips, which were then incubated for 90 min at 37°C. The chips were 
washed twice with TBS 0.1% Triton X-100, twice in 2 M NaCl, and twice in de-
mineralized water before air-drying. The slides were then exposed to a phosphor -
imager plate for 72 h and image acquisition of the peptide array was performed 
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using a phosphor-imager (Storm™, Amersham Biosciences, Sweden). Levels of 
incorporated radioactivity, which correspond to the phosphorylation status were 
quantified by the array software Scanalyze (Eisen Software) and exported to 
Microsoft Excel. Kinase activities in lysates from three time points were each 
analysed in triplicate. As a control, slides were incubated only with 33P-γ-ATP (1 
MBq)), which demonstrated that the observed signals represented covalent 
transfer of the terminal phosphor atom to peptides on the chip. Examples of 
kinase slides can be found in Supplementary Figure 1.  
 For data analysis, first every peptide was given an “on” call or “off” call 
(Markov state analysis). To this end, first an average signal was calculated for each 
peptide using the three biological replicates (each consisting of two technical 
replicates) yielding an aggregate dataset for each individual experiment. 
Subsequently, for each of the aggregate datasets, either “on” calls or “off” calls 
were given to each peptide substrate (Markov state analysis). In order to do this, 
we assumed that the subset of signals representing the 1-e-1 fraction of peptides 
having the lowest phosphorylation of all peptides contained pure noise and did 
represent meaningful phosphorylation. The distribution of this noise was fitted as 
a single exponent, using the amplitude-sorted row number of these substrates as 
the X domain of the distribution and this single exponent was assumed to 
describe noise for the entire dataset in this particular experiment. Now for all data 
points within the subset, when the actual amplitude observed minus 1.96 the 
standard deviation was in excess of the value expected from distribution 
describing the noise, a substrate was given an “on” call. Subsequently, 
phosphorylation profiles of the different conditions were contrasted. For this 
analysis values between different sets were compared, and when one set 
displayed an “on” call, whereas the other set received an “off” call and when the 
absolute difference in signal was at least 10% of the strongest signal, a peptide 
was considered to represent a differential kinase activity. The result was then 
used to construct provisional signal transduction schemes representing the 
difference in signalling between the two datasets, analogous to the construction 
of provisional signal transduction schemes described earlier by van Baal et al. 
[195]. Data which met all the above-listed requirements and with p values lower 
than 0.05 were considered as significant. 
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Western Blotting was done as described by Miller et al. [196]. Blots were 
incubated overnight at 4°C with the primary antibody. Antibodies recognizing 
phosphorylated p38 MAPKThr180/Tyr1982, phosphorylated ERK1/ERK2Thr202/Tyr204, 
phosphorylated JNKThr183/Tyr185, phosphorylated IκB alphaSer32, phosphorylated 
AktThr473 and  AktThr307 were purchased from Cell Signaling (Beverly, CA). 
Macrophage lysates were mixed with SDS sample buffer and heated at 95°C for 5 
min. The subsequent SDS-PAGE and protein transfer to nitrocellulose membranes 
(Protran , Schleicher and Schuell) by semi-dry blotting were performed as 
previously described [117]. Membranes were blocked for 1 h with 5% bovine 
serum albumin (BSA) in PBS supplemented with 0.1% Tween 20 (PBS-T) and 
incubated overnight at 4°C in 5% BSA PBS-T with the indicated primary antibodies. 
Next, membranes were washed three times for 5 min in PBS-T before adding a 
fluorescent secondary antibody at a 1:20000 dilution in blocking buffer (IRDye 800 
CW goat anti-rabbit antibody from LiCor Biosciences). Membranes were incubated 
for 1 h in the dark, washed three times for 5 min in PBS-T and once in PBS. After 
transferring the membranes into fresh PBS, they were scanned using the Odyssey 
Infrared Imaging System (LiCor Biosciences). 
Proteomic analysis of S. aureus during infection 
THP-1 macrophages were incubated with S. aureus NCTC 8325 at MOI 1:50 for 1h. 
As a control we used S. aureus in RPMI 1640 (2 mM glutamine and 10% heat 
inactivated FCS) without macrophages (see schematic representation of the 
experimental setup in Figure 1). After 1 h, medium with non-internalized bacteria 
was collected and bacteria were centrifuged for 5 min (3750 rpm, 4°C). The 
supernatant was removed and bacterial cells were washed three times in PBS and 
once in PBS with 20 mM sodium azide. Washed bacterial cells were resuspended 
in M-PER, disrupted using a Precellys 24 bead beater (Bertin Technologies; three 
runs of 30 s, 6800 rpm) and centrifuged for 5 min (14000 rpm, 4°C). The 
supernatant was collected and the protein concentration was determined using 
the Micro BCATM Protein Assay Kit. 10 µg of lyophilized protein was solubilized 
with the acid labile detergent RapiGest SF (Waters Corp., Milford, MA). Activated 
sequence grade trypsin (Promega, Madison, WI) was added and incubated 
overnight at 37°C. The detergent was removed by acidification of the solution and 
subsequent centrifugation. The peptides thus obtained were subjected to 
®
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reversed phase chromatography performed on a nanoACQUITY UPLC system 
(Waters Corporation, Milford, Mass., USA) with an on-line coupled mass 
spectrometric (MS) analysis by an LTQ Orbitrap (Thermo Fisher, Bremen, 
Germany). Desalting and concentration of peptides was performed on a trap 
column (Waters nanoACQUITY UPLC column, Symmetry C18, 5 µm, 180 µm x 20 
mm, Waters Corporation, Milford, Mass., USA) by loading and washing for 3 min 
with 99% buffer A (0.1% v/v acetic acid) at a flow rate of 10 ml/min. Peptides 
were subsequently eluted onto an analytical column (Waters BEH 1.7 µm, 100-µm 
i. D. x 100 mm, Waters Corporation, Milford, Mass., USA) and separated with a 
non-linear 80 min gradient from 5-60 % acetonitrile in 0.1 % acetic acid at a 
constant flow rate of 400 nl/min. MS and MS/MS data were acquired with the 
LTQ-Orbitrap mass spectrometer (Thermo Fisher, Bremen, Germany) equipped 
with a nanoelectrospray ion source. After a survey scan in the Orbitrap (r= 30,000) 
MS/MS data were recorded for the five most intensive precursor ions in the linear 
ion trap. Singly charged ions were not taken into account for MS/MS analysis. 
Tandem mass spectra were extracted using Sorcerer v3.5 (Sage-N Research). All 
MS/MS samples were analyzed using Sequest (Thermo Fisher Scientific, San Jose, 
CA, USA; version v.27, rev. 11). Database searching was performed against a 
target decoy database of concatenated staphylococcal proteins (extracted uniprot 
database for strain NCTC 8325) with added common laboratory contaminant 
proteins (5866 entries). Cleavage specificity for full tryptic cleavage and a 
maximum of 2 missed cleavages was assumed. Sequest was run with a fragment 
ion mass tolerance of 1.00 Da and a parent ion tolerance of 10 ppm. Oxidation of 
methionine was specified in Sequest as a variable modification.  Sequest 
identifications required at least deltaCn scores of greater than 0.10 and XCorr 
scores of greater than 1.9, 2.2, 3.8 and 3.8 for singly, doubly, triply and quadruply 
charged peptides, which resulted in a false discovery rate (FDR) below 1% for 
peptide identifications for the bacterial data base searches. An additional search 
was performed against the human IPI database containing the reverted protein 
sequences (138660 entries). Identifications of the human data set needed XCorr 
scores greater than 1.9, 2.8, 3.8 and 3.8 for singly, doubly, triply and quadruply 
charged peptides, which resulted in an FDR below 1% for peptide identifications. 
In addition a search was performed against the bovine database containing also 
the reverted protein sequences (47308 entries). Sequest identifications required 
at least deltaCn scores of greater than 0.10 and XCorr scores of greater than 1.9, 
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3.0, 3.8 and 3.8 for singly, doubly, triply and quadruply charged peptides.  
The filter criteria were adjusted in the way that the FDR was <1%. A protein 
identification was accepted if the respective protein was detected in at least three 
out of four biological replicates. 
 Proteins that were identified in at least three of the four replicates of one 
condition, but in none of the replicates of the second conditions were regarded as 
“on” and “off” calls, respectively. For the proteins that were identified in both 
conditions the natural logarithm was calculated for the un-weighted spectral 
counts and the ratios of the bacterial samples that were challenged with THP-1 
cells and the bacterial control samples were calculated. The ratios were then 
normalized to the median and the average as well as the standard deviation was 
calculated for every protein. A protein was regarded as being present in different 
amounts in the THP-1-challenged bacterial samples in comparison to the control 
samples when the average ratio exceeded the standard deviation at least two-fold 
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In eukaryotic cell types, virtually all cellular processes are under control of proline-
directed kinases and especially MAP kinases. Serine/threonine kinases in general 
were originally considered as a eukaryote-specific enzyme family. However, 
recent studies have revealed that orthologues of eukaryotic serine/threonine 
kinases exist in bacteria. Moreover, various pathogenic species, such as Yersinia 
and Mycobacterium, require serine/threonine kinases for successful invasion of 
human host cells. The substrates targeted by bacterial serine/threonine kinases 
have remained largely unknown. Here we report that the serine/threonine kinase 
PknB from the important pathogen Staphylococcus aureus is released into the 
external milieu, which opens up the possibility that PknB does not only 
phosphorylate bacterial proteins but also proteins of the human host. To identify 
possible human targets of purified PknB, we studied in vitro phosphorylation of 
peptide microarrays and detected 68 possible human targets for phosphorylation. 
These results show that PknB is a proline-directed kinase with MAP kinase-like 
enzymatic activity. As the potential cellular targets for PknB are involved in 
apoptosis, immune responses, transport, and metabolism, PknB secretion may 
help the bacterium to evade intracellular killing and facilitate its growth. In 
apparent agreement with this notion, phosphorylation of the host-cell response 
coordinating transcription factor ATF-2 by PknB was confirmed by mass 
spectrometry. Taken together, our results identify PknB as the first prokaryotic 
representative of the proline-directed kinase/MAP kinase family of enzymes. 
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Despite their clinical relevance, the mechanisms employed by pathogenic bacteria 
to subvert the host immune system remain only partially characterised. It has 
become clear, however, that pathogens create a beneficial environment for their 
survival by secreting proteins that mimic the functions of several host proteins. 
One of the best known bacterial examples is Yersinia pestis, the plague bacterium, 
which injects its effector proteins into the host cells by the type III secretion 
system [197,198]. These Yersinia effector (Yop) proteins include the eukaryotic-
like serine/threonine kinase YpkA, also known as YopO [199]. This kinase shows a 
high degree of sequence similarity to mammalian serine/threonine protein kinase 
domains. YpkA is translocated into a host cell where it disrupts the actin-based 
cytoskeletal system and promotes both survival and replication of bacteria by an 
unknown mechanism [199,200,201]. Nevertheless, the full spectrum of human 
proteins that are phosphorylated by YpkA has remained elusive so far [202]. 
 Eukaryotic-like serine/threonine protein kinases (STPKs) are present not 
only in the Yersinia genus, but they have also been identified in the soil 
microorganism Myxococcus xanthus [203,204] and in human pathogens, such as 
Mycobacterium tuberculosis, which even encodes 11 STPKs. Only two of these 
(PknG and PknK) are soluble proteins, while the other nine STPKs contain a 
transmembrane domain [205]. Moreover STPKs have also been identified in 
Pseudomonas aeruginosa [206,207], Streptococcus pneumoniae [208,209,210] 
and in Staphylococcus aureus [104,106,211]. However, the precise biological 
functions and substrate specificities of these kinases have not yet been defined. 
Recently, attention has been focussed on the PknB kinase of S. aureus. 
This Gram-positive bacterium is part of the human microbiota, but it can turn into 
a dangerous pathogen, causing a wide range of infections [2,3,4]. Although S. 
aureus is mostly considered as an extracellular pathogen, it can invade a variety of 
mammalian non-professional cells, such as nasal endothelial cells. Moreover S. 
aureus survives phagocytosis by professional phagocytes [212,213,214], such as 
neutrophils [62,65], mouse or rat macrophages [215,216,217,218], and 
human macrophages [66,219]. To overcome the stressful conditions imposed 
by its host, S. aureus has evolved various protective and offensive responses 
[115,154,220,221], such as sensing of environmental stimuli and the activation 
and inactivation of response regulators [147,222]. This is generally achieved 
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through cascades of phosphorylation reactions in the host, which focuses a strong 
interest on the role of kinases, such as the serine/threonine kinase PknB (also 
known as StpK) in staphylococcal persistence.  
The PknB kinase is composed of three extracellular PASTA domains 
(penicillin binding domains), a central transmembrane domain and an intracellular 
kinase domain [211]. Interestingly, it was recently reported that PknB is not only 
involved in regulation of the central metabolism of S. aureus [104], but also 
determines staphylococcal infection of mouse kidneys in an abscess model [106]. 
The latter observation raises the question whether the kinase activity of PknB is 
directly or indirectly involved in the pathogenicity of S. aureus. A direct role of 
PknB in infection is conceivable since serine/threonine kinases play key roles in 
mammalian cell signalling, and at least two bacterial equivalents, YpkA of Yersinia 
and PknG of Mycobacterium tuberculosis, have been shown to be directly involved 
in the subversion of host cells during the respective infectious processes 
[223,224]. However the exact role played by PknB in pathogenesis or 
staphylococcal persistence has thus far remained unclear. 
Here we show that full-size soluble PknB is present in the medium of 
growing S. aureus cells. We therefore investigated whether PknB of S. aureus can 
recognize and phosphorylate known substrates of human serine/threonine 
kinases. For this purpose, we used peptide microarrays with known human 
phosphorylation sites. The phosphorylation profile and mass spectrometry results 
show that PknB is a proline-directed kinase, which can indeed phosphorylate 
specific human targets. The observed target specificity of PknB indicates possible 
roles for this enzyme in a wide range of host cell signalling processes during S. 
aureus infection. 
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Results and Discussions 
Identification of extracellular PknB 
It has previously been reported that different bacteria such as M. tuberculosis and 
Yersinia species can secrete their eukaryotic-like serine/threonine kinases directly 
into the host. This mechanism allows these bacteria to survive intracellularly 
[205,223], to disrupt the actin cytoskeleton [225], or to cause host cell apoptosis 
[224]. Since these bacterial ser/thr kinases need to be exported in order to impact 
on host cells, we investigated whether PknB might be detectable in the 
extracellular milieu of S. aureus. As shown by Western blotting using polyclonal 
antibodies against PknB, the full-size PknB was detectable both in the cellular and 
growth medium fractions of cells of S. aureus NCTC 8325 harvested at an OD600 of 
2. As expected, PknB was neither detectable in cellular nor growth medium 
fractions of the ΔpknB mutant. The precise mechanism by which PknB is liberated 
from the wild-type cells remains to be elucidated. However, there is precedence 
for the release of membrane proteins, or fragments thereof, into the extracellular 
milieu of Gram-positive bacteria, such as S. aureus, by as yet unknown 
mechanisms [226]. One possibility is that these proteins are released by cell lysis, 
remaining stable in the medium due to an intrinsic resistance to extracytoplasmic 
proteolysis [227]. The idea that PknB is released by lysis would be consistent with 
the detection of relatively small amounts of the cytoplasmic marker protein 
thioredoxin A (TrxA) in the growth medium fractions (Fig. 1). TrxA is a cytoplasmic 
bacterial protein, which acts as an antioxidant by facilitating the reduction of 
cysteine disulfides in other cytoplasmic proteins. Since TrxA is normally a 
cytoplasmic protein, it will only be found in the extracellular milieu when bacterial 
cells have lysed. Notably, compared to the cellular samples, we detected relatively 
more extracellular PknB than extracellular TrxA, which might suggest that the 
release of PknB is the consequence of a specific process rather than cell lysis. 
Irrespective of the mechanism by which PknB is released into the extracellular 
milieu of S. aureus, its release may impact on human host cell functions. This 
could be the case upon internalization of S. aureus. Although S. aureus is primarily 
an extracellular pathogen, there is strong evidence that it can be internalized by a 
wide range of human host cells. For example, S. aureus invades non-professional 
phagocytes by a mechanism which requires a specific interaction between the 
bacterial fibronectin-binding protein and the host cell [228,229,230]. This leads to 
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host signal transduction, activation of tyrosine kinases, cytoskeletal rearrange-
ment and endosome uptake. Bayles and Qazi reported that internalized S. aureus 
is able to escape from the host endosome, and this fact opens up the possibility of 
direct interactions of released PknB with proteins of the human host [231,232].  
Eukaryotic phosphorylation sites recognized by PknB 
Peptide arrays (PepChips) have previously been used successfully to profile the 
activity of kinases in eukaryotic cell lysates [116]. We therefore employed this 
array-based technology to investigate whether the staphylococcal kinase PknB has 
the ability to recognize and phosphorylate human phos-phorylation sites. When 
the PepChips were incubated with purified and active PknB [211] and [33P-γ] ATP, 
radioactivity was efficiently incorporated in a particular subset of the peptides on 
the chip. In contrast, little radioactivity was incorporated when the arrays were 
incubated with [33P-γ] ATP in the absence of PknB. We identified 68 potential 
substrates for PknB, of which the biological functions are summarised in Table 1 
(for details, see Table S1 available on http://www.plosone.org/article/info:doi% 
2F10.1371%2Fjournal.pone.0009057). Interestingly, 32 of the potential human 
substrates of PknB are involved in signal transduction and cell communication. 
The identified peptides include serine/threonine kinases, cell cycle control 
proteins, and regulators of protein phosphorylation such as adaptor molecules. 
Our results suggest that any active PknB released from invasive S. aureus cells 
may target signal transduction mechanisms for host cell subversion. In addition, 
13 potential PknB substrates are involved in gene regulation, including 
transcription factors, transcription regulatory proteins and RNA binding proteins. 
Three potential substrates play a role in immune responses and recognition, five 
in transport processes, ten in cell growth and maintenance (cytoskeletal and 

























Phosphorylation of the identified potential human PknB targets would 
result in significant changes in host cell signal transduction. One of the peptides 
that is best phosphorylated by PknB (64IVADQTPTPTR74) is derived from the 
Activating Transcription Factor-2 (ATF-2) (see Table S2 available on PLos One 
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Figure 1. Release of PknB into the growth medium of S. aureus. The S. aureus strain NCTC 8325 (wt) 
or a ΔpknB derivative were propagated at 37° C in TSB and harvested at OD600 2. Crude extracts (ce) 
and supernatant (sup) fractions were isolated, corrected for OD and separated by NuPAGE 
electrophoresis (Invitrogen). Two-fold higher amounts of the supernatant fractions were used for 
PAGE as compared to the crude extracts. Immunoblotting was conducted using specific antibodies 
against PknB (upper panel) or TrxA (lower panel). The latter served as an indicator for cell lysis. The 
position of the specific PknB signal is marked with a black arrow. The band at ~60 kDA corresponds to 
an unidentified protein, which cross-reacts with the antibodies against PknB. The molecular weight of 
marker proteins is indicated on the left. 
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processes, such as cell cycle molecules (cyclin D1) [239], cell adhesion molecules 
[240], growth factors [241], anti-apoptotic factors [242], and invasion-related 
molecules [243].  
To confirm that PknB is able to phosphorylate ATF-2, we incubated ATF-2 
with P knB in vitro and performed mass spectrometric analyses. As a positive 
control we incubated ATF-2 with p38. The results show that PknB can indeed 
phosphorylate ATF-2 (Fig. 2). 
However, PknB phosphorylated Thr73, whereas p38 phosphorylated 
Thr69 and Thr71. Interestingly, Thr73 is the known phosphorylation site of the 
Human Vaccinia-related Kinase 1 (VRK1) [244]. VRK1 is a ser/thr kinase 
overexpressed in proliferating cells [245,246]. Phosphorylation of ATF-2 on Thr 73 
by VRK1 kinase leads to the activation of ATF-2 and, consequently, the induction 
of cellular protection mechanisms.  
Another peptide that was very efficiently phosphorylated by PknB belongs 
to the Bcl-2 interacting protein Bim (see Table S2 available on PLos One website). 
In vivo this peptide is recognized by the c-Jun NH2-terminal kinase (JNK) (Table S1) 
[247,248]. Bim is a member of the pro-apoptotic Bcl-2 family of proteins, which 
play a critical role in apoptosis regulation. A short peptide motif, DKSTQT56P, 
which is present in BimL and BimEL, but absent from BimS, mediates the binding 
of Bim to the LC8 cytoplasmic dynein light chain. Importantly, the same motif is 
also recognized and phosphorylated by PknB (Table S1- see PLos One website). 
Exposure of cells to stress causes the activation of JNK kinase, which 
phosphorylates Bim at Thr56 in the afore-mentioned DKSTQTP motif. The 
phosphorylation leads to conformational changes in Bim and subsequent 
dissociation of Bim from dynein motor complexes [249]. The activated Bim may 
directly activate pro-apoptotic Bax, or indirectly activate Bax by binding anti-
apoptotic Bcl-2 family proteins (e.g., Bcl-2 and Bcl-XL) [250,251]. Judged by the 
observed phosporylation of the DKSTQT56P peptide, the release of PknB from 
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Table 1. Cellular processes that can be targeted by PknB. Functional classes of 
human proteins that are potentially phosphorylated by PknB, as identified in the present 
PepChip analysis, are classified by their biological function. 
 
Transport 
Total: 5 proteins 
Cell growth and maintanance 
Total 10 proteins 
Membrane transport proteins, Voltage gated channel, 
Water channel proteins 
Structural proteins, Cell cycle regulation proteins, Cell adhesion 
proteins 
Metabolism 
Total: 2 proteins 
Immune response and recognition 
Total: 3 proteins 
Phosphotransferase, Ribosomal subunit Immunoglobulin, Cell surface receptors 
Signal transduction and Cell communication 
Total: 32 proteins 
Regulation of nucleobase, nucleoside, nucleotide and nucleic acid 
metabolism 
Total: 13 proteins 
 
Receptors, Cell cycle proteins, Cell junction proteins, 
Serine/threonine kinases, Tyrosine kinases, Transport/cargo 
proteins, Adapter molecules 
 
DNA binding site, RNA binding site, Ribonucleoproteins, 
Transcription factors, Transcription regulatory proteins 
Apoptosis 
Total: 1 protein 
Stress 
Total: 2 proteins 
 





A third intriguing target of PknB identified through phosphorylation 
profiling is the cytoskeleton-associated protein paxillin. This protein has previously 
been reported as a target for the phosphatase YopH, which is injected by Yersinia 
into human host cells, thereby affecting cytoskeleton integrity [252]. Taken 
together, the identified potential targets of PknB are fully consistent with 
previously reported effects of S. aureus and other bacteria on host cell apoptosis 
[64,253,254,255] and a wide range of cellular processes [200,202,209,223, 
224,256,257]. 
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 Interestingly, a comparison of the identified human phosphorylation sites 
of PknB with staphylococcal proteins revealed about 300 putative PknB target 
sequences in proteins of S. aureus (data not shown). These include amino acid 
sequences in proteins that are known to be phosphorylated by PknB, such as 
triosephosphate isomerase, DnaK, elongation factors, ribosomal proteins and 
trigger factor [104]. 
PknB is a proline-directed serine/threonine kinase 
To determine which amino acids are preferably phosphorylated by PknB, we 
generated a sequence logo based on the 15% best-phosphorylated peptides (Fig. 
3). The most frequently found amino acids in PknB-phosphorylated peptides are 
serine and threonine. This observation is in agreement with the serine/threonine 
kinase signature in the primary sequence of PknB. Apparently, the signature has 
portability across the eukaryotic/prokaryotic divides. Nevertheless tyrosine 
phosphorylation can also be unambiguously identified making this study the first 
demonstration of enzymatic tyrosine kinase activity in a single isolated 
prokaryotic enzyme. What is also clearly evident in the sequence logo is the 
presence of a proline residue next to phosphorylated serine, threonine or tyrosine 
residues. Thus, it seems that proline is part of the PknB recognition and target 
sequence. This links PknB to the evolutionary well-conserved family of proline-
directed kinases, which includes cyclin-dependent protein kinases (CDKs), 
mitogen-activated protein kinases (MAP kinases) and glycogen synthase kinase-3 
(GSK-3; Fig. 3). These kinases play a crucial role in cell cycle, transcription, signal 
transduction and are involved in many diseases like cancer or Alzheimer’s disease 
[258,259,260]. Like the eukaryotic MAP kinases, PknB has the ability to 
phosphorylate ATF-2 at least in vitro, which implies that PknB has a MAP kinase-
like enzymatic activity. This view is supported by the observation that PknB is also 
involved in the regulation of important cellular functions in S. aureus, including 
central metabolic pathways [104] and cell wall metabolism [261]. Taken together, 
our results imply that PknB is the first prokaryotic representative of the proline-
directed kinases, a cardinal family of regulators of eukaryotic cellular physiology. 
A major challenge for future studies will be to identify human proteins that are 
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transduction and are involved in many diseases like cancer or Alzheimer’s disease 
[258,259,260]. Like the eukaryotic MAP kinases, PknB has the ability to 
phosphorylate ATF-2 at least in vitro, which implies that PknB has a MAP kinase-
like enzymatic activity. This view is supported by the observation that PknB is also 
involved in the regulation of important cellular functions in S. aureus, including 
central metabolic pathways [104] and cell wall metabolism [261]. Taken together, 
our results imply that PknB is the first prokaryotic representative of the proline-
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A major challenge for future studies will be to identify human proteins that are 
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macrophages. 
 
Figure 2. Verification of PknB-dependent phosphorylation of ATF-2. Recombinant ATF-2 was incubated 
with PknB (A) or p38 (B) in kinase reaction buffer for 30 minutes at 37°C. As a control, ATF-2 was incubated 
with PknB in the absence of ATP. After tryptic digestion, the resulting peptides were analyzed via online-
mass spectrometry. The panels show the spectra for the ATF-2 peptide VIVADQTPTPTR that was either 
phosphorylated at the Thr73 by PknB, or Thr 69 and Thr 71 by p38. The b- and y-ions are high-lighted and 
the observed masses are given. Also the peptide sequence is indicated and amino acids that have been 
identified my mass spectrometric analysis are indicated in bold letters. The upper sequence corresponds 
to the b- and the lower sequence to the y-ions.
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Figure 3. Sequence logo of PknB phosphorylation sites and comparison to known phosphorylation sites 
of human kinases. The image shows consensus recognition sites for the staphylococcal PknB and other 
proline-directed ser/thr kinases.
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Materials and Methods 
Detection of extracellular PknB by immunoblotting 
S. aureus NCTC 8325 or a pknB mutant of this strain [262] were cultivated in 10 ml 
of TSB (37 °C, 250 rpm) and growth was monitored by OD600 readings. Samples of 
3 ml were harvested at OD600 2 and cells were separated from the growth medium 
by centrifugation (8000 rpm, 5 min, 4 °C). Bacterial cells were washed in PBS, 
resuspended in sample buffer (NuPage, Invitrogen) and disrupted using a Precellys 
24 bead beater (three times 30s, 6800 rpm; Bertin Technologies). Proteins from 
the growth medium fraction were collected by TCA-acetone precipitation [263]. 
Protein samples were mixed with gel-loading buffer with reducing agent and 
incubated for 5 min at 95 °C. To receive a clear signal for the supernatant fractions 
twice as much as from the crude extract was applied to gel electrophoresis. The 
proteins were separated on a 10% Bis-Tris gel (Invitrogen) at 200 V for 35 min in 
NuPAGE® MES SDS Running Buffer (Invitrogen). The separated proteins were 
transferred to a nitrocellulose membrane (Protran®, Schleicher and Schuell) by 
semi-dry blotting at 200 mA for 75 min. Membranes were blocked for one hour in 
Blocking Buffer (Odyssey, Li-Cor biosciences). Rabbit primary antibodies against 
the kinase domain of PknB were added (1:5000 in blocking buffer) and 
membranes were incubated for 1 hour. Next, membranes were washed 3 times 
for 5 minutes in PBS-T (Phosphate Buffered Saline Tween-20) before adding a 
fluorescent secondary antibody at a 1:20000 dilution in blocking buffer (IRDye 800 
CW goat anti-rabbit antibody from LiCor biosciences). Membranes were incubated 
for 1 hour in the dark, washed three times for 5 min in PBS-T and once in PBS. 
After transferring the membranes into fresh PBS, they were scanned using the 
Odyssey Infrared Imaging System (LiCor Biosciences). As a cell lysis control, 
antibodies against cytoplasmic protein TrxA were used in the same concentration 
as PknB antibodies. 
Cloning, expression and purification of S. aureus TrxA  
All procedures for DNA purification, restriction, ligation, agarose gel 
electrophoresis, and transformation of competent E. coli DH5α cells were carried 
out as previously described [264]. Genomic DNA of S. aureus RN4220 [265] was 
isolated using the Genelute Bacterial Genomic DNA kit (Sigma). The trxA gene on 
this genomic DNA was PCR-amplified using the primers GGGGGCATATGGCA 
ATCGTAAAAGTAA and GGGGGCTCGAGTAAATGTTTATCTAAAACTTC. The PCR 
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product was cloned into HincII (HindII) restricted pUC18 [266]. After verification of 
the sequence, the trxA gene was excised from this plasmid with NdeI and XhoI, 
and ligated into the same restriction sites of pET26b(+) (Novagen, Inc.), 
downstream of the T7 promoter and upstream of an in-frame His(6)tag sequence. 
The resulting pET26-SatrxA plasmid was checked by sequencing and used to 
transform E. coli BL21(DE3) (Invitrogen) for high-level trxA expression and 
purification. 10 ml of an overnight culture of this strain was used to inoculate 1 
liter fresh LB medium and grown until an OD600 of 0.7 was reached. Then, 
isopropylthiogalactoside (IPTG) was added to a final concentration of 1 mM to 
induce TrxA production. After 3 hrs of induction, cells were harvested by 
centrifugation and resuspended in binding buffer (20 mM NaPi, 300 mM NaCl, 10 
% (v/v) glycerol, 5 mM imidazole, 3 mM DTT, pH 7.4). Next, cells were disrupted 
by two passages through a French Press (2500 PSI). Cellular debris was removed 
by centrifugation (30 min at 30000g, 4oC), and the clarified supernatant fraction 
was applied to a nickel-charged IMAC column (5 ml HisTrap HP, GE Healthcare). 
Unbound sample was washed from the column with binding buffer using an ÄKTA 
explorer (GE Healthcare). Next, the His-tagged TrxA protein was eluted from the 
column using binding buffer with a gradient of increasing imidazole 
concentrations (up to 500 mM imidazole). The eluted fractions were checked for 
the presence of pure TrxA protein using SDS-PAGE and subsequent silver-staining. 
Further purification was achieved by concentrating the proteins with Vivaspin 
columns (Vivascience) and loading them on a Superdex 75 gel filtration column 
(Amersham) pre-equilibrated with 20 mM NaPi, 150 mM NaCl, 10% glycerol and 
3.5 mM DTT, pH 7.4. Fractions containing the purified TrxA proteins were pooled 
and dialyzed 3 times against 20 mM Tris-HCl, pH 7.6, with 150 mM NaCl. Specific 
polyclonal antibodies against the purified TrxA protein were raised in rabbits 
(Eurogentec). 
Kinome array analysis 
PepChip™ Kinomics slides containing 976 fully annotated, disease-related kinase 
phosphorylation sites in triplicate (Pepscan, Lelystad, The Netherlands, 
http://www.pepscan.com/) were incubated with 50 μl of the ser/thr kinase PknB 
incubation mix (0.8 μg/ml PknB kinase domain, 60 mM HEPES, pH 7.5, 3 mM 
MgCl2, 3mM MnCl2, 1 mM DTT, 50% glycerol, 50 μM ATP supplemented with 
1Mbq [γ-33P] ATP, 0.03% Brij-35, 50 μg/ml bovine serum albumin, 3 mM Na3VO4, 
50 μg/ml PEG 8000) for 90 min in a humidified incubator. As a negative control we 
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used the “empty” incubation mix without PknB. After incubation the peptide 
arrays were washed twice in 2 M NaCl (1% Tween-20) and PBS-T. Next, the arrays 
were rinsed twice in demineralised water and air-dried. The dried slides were 
transferred to a phosphor imager plate (Fuji Storm 860, Stanford, GE, USA) and 
exposed for 72 hours. The density of the spots was measured and analyzed with 
array software. 
Peptide array data analysis 
To analyze the intensity of spots and to correct for background phosphorylation, 
the ScanAnalyze software and grid tools were used, and the resulting data were 
exported to an excel sheet. Three replicate data sets were taken for further 
statistical analysis. To this end, the Spearman correlation coefficient was 
calculated for each combination of the three sets. The average and standard 
deviation for each peptide were determined and plotted in an amplitude-based 
hierarchical fashion. If only background phosphorylation is present, this 
amplitude-based distribution can be described by a single exponent. Thus, 
determining the exponent describing amplitude behavior of the 500 least 
phosphorylated peptides should give an adequate description of array 
background phosphorylation and, in practice, this was indeed the case. 125 
Peptides which exhibited the incorporation of γ-33P in the absence of added 
kinase were excluded from further analysis. Peptides of which the average 
phosphorylation minus 1.96 times the standard deviation was higher as the value 
expected from describing the background distribution were considered to 
represent true phosphorylation events. Two-sided heteroscedastic t-tests were 
also performed on each set of values to determine significance (p<0.05).  
Sequence logos 
Sequence logos were created with the weblogo server at http://weblogo. 
berkeley.edu/logo.cgi using either the preferred substrates of PknB,  
or known phosphorylation sequences for human kinases as available at 
http://www.phosphosite.org/homeAction.do 
In vitro phosphorylation of ATF-2 by staphylococcal PknB 
In order to confirm the phosphorylation of ATF-2 by PknB, the in vitro assay was 
performed. Purified staphylococcal kinase PknB (26 μg) was incubated with 50 μg 
of Activating Transcription Factor fusion protein (Cell Signaling) in kinase 
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incubation mix (50 mM HEPES, 1 mM DTT, 0.01 Brij35, 3 mM MnCl2, 3 mM MgCl2, 
50 μM ATP) for 30 minutes at 37°C in waterbath. As a positive control, 0.1 μg of 
p38-alpha MAP kinase (Cell Signaling) was incubated with 50 μg of ATF-2. As 
negative controls, the following reaction mixtures were used: PknB with ATF-2 but 
without ATP; PknB with ATP but without ATF-2; and ATF-2 with ATP but without 
PknB. 
 Phosphorylation site identification and protein identification by mass 
spectrometry 
Trypsin (Promega) was activated by 15 min incubation at 30 °C in activation buffer 
and then added 1:200 to the samples, digestion was allowed to proceed over 
night at 37 °C. The resulting peptides were separated by liquid chromatography 
and measured online by ESI-mass spectrometry using a nanoACQUITY UPLC™ 
system (Waters, Milford, MA) coupled to an LTQ Orbitrap™ mass spectrometer 
(Thermo Fisher Scientific, Waltham, MA). Peptides were desalted onto a trap 
column (Symmetry® C18, Waters). Elution was performed onto an analytical 
column (BEH130 C18, Waters) by a binary gradient of buffer A (0.1% (v/v) acetic 
acid) and B (100 % (v/v) acetonitrile, 0.1% (v/v) acetic acid) over a period of 50 
min with a flow rate of 400 nl/ min. The LTQ Orbitrap was operated in data-
dependent MS/MS mode using MSA for phospho-relevant masses. Proteins were 
identified by searching all MS/MS spectra in .dta format against all S. aureus NCTC 
8325 proteins and added ATF-2 protein (extracted from the NCBI database) using 
Sorcerer™-SEQUEST® (ThermoFinnigan, San Jose, CA; version v.27, rev. 11). 
Sequest was searched with a fragment ion mass tolerance of 1.00 Da and a parent 
ion tolerance of 10 ppm. Up to two missed tryptic cleavages were allowed. 
Methionine oxidation (+15.99492 Da), Carbamidomethylation (+57.021465 Da) 
and phosphorylation of STY (+79.966331 Da) was set as variable modification. 
Proteins were identified by at least two peptides applying a stringent SEQUEST 
filter. Sequest identifications required at least deltaCn scores of greater than 0.10 
and XCorr scores of greater than 1.9, 2.2, 3.75 and 3.75 for singly, doubly, triply 
and quadruply charged peptides. Phosphorylated peptides which passed this filter 
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ion tolerance of 10 ppm. Up to two missed tryptic cleavages were allowed. 
Methionine oxidation (+15.99492 Da), Carbamidomethylation (+57.021465 Da) 
and phosphorylation of STY (+79.966331 Da) was set as variable modification. 
Proteins were identified by at least two peptides applying a stringent SEQUEST 
filter. Sequest identifications required at least deltaCn scores of greater than 0.10 
and XCorr scores of greater than 1.9, 2.2, 3.75 and 3.75 for singly, doubly, triply 
and quadruply charged peptides. Phosphorylated peptides which passed this filter 
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Infections caused by Staphylococcus aureus represent a serious health problem 
often associated with fulminant inflammatory responses. Detailed mechanistic 
insights how S. aureus infections provoke inflammation are urgently needed to 
devise novel therapeutic approaches. Here we report the function of the 
prokaryotic-type serine/threonine kinase PknB of S. aureus in inflammatory 
responses of human immune cells. We show that stimulation of human peripheral 
blood monocytes with PknB-proficient S. aureus provokes a strong pro-
inflammatory cytokine production that is largely absent when these cells are 
stimulated with S. aureus lacking PknB. Furthermore, kinase profiling of host 
responses using peptide arrays reveals that PknB-proficient S. aureus provokes 
markedly stronger kinase activation upon macrophage infection than S. aureus 
lacking PknB. Specifically, stimulation with PknB-deficient S. aureus results in a 
significant down-regulation of tyrosine kinases, like Bruton’s kinase, that are 
known to be crucial for Toll-like Receptor 2-mediated signaling and cytokine 
production. In conclusion, S. aureus requires PknB to provoke strong 
inflammatory responses, and specific PknB inhibitors may therefore find future 
applications in combating the fulminant pathology of S. aureus infection.  
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S. aureus is an opportunistic pathogen that is carried by about 30% of the human 
population. While carriage of this Gram-positive bacterium is of no serious 
consequence to most individuals, S. aureus has the potential to cause a wide 
range of infections ranging from minor skin infections to more serious invasive 
diseases, such as bacteremia, sepsis, abscesses of various organs, osteomyelitis, 
endocarditis, pneumonia, and meningitis [2,3,4]. Sepsis is caused by the 
widespread activation of immune cells resulting in the release of an array of 
inflammatory mediators, such as cytokines, chemokines, prostaglandins and lipid 
mediators, as well as reactive oxygen species. This can provoke a life-threatening 
cytokine storm and multi-organ failure, mostly involving the lungs, liver and 
kidneys [267]. Mechanistic insights into the factors that mediate the unusual 
propensity of S. aureus to provoke fulminant sepsis as compared to other 
bacterial species is urgently needed to develop rational therapeutic avenues to 
improve disease outcome. 
The strong reaction to S. aureus bacteraemia is largely due to the 
presence of immunostimulatory components on the surface of the 
microorganism. In fact, about 50% of the staphylococcal cell is composed of 
peptidoglycan (PepG) and other pro-inflammatory molecules, which are released 
upon bacterial lysis or may be detected by the immune system in the bacterial 
context. Upon binding of cell wall components to pattern recognition receptors of 
host immune cells, specific signal transduction mechanisms are enkindled that 
culminate in pro-inflammatory gene transcription. Altered phosphorylation of 
proteins is a key element in the intracellular propagation of the pro-inflammatory 
signal. Thus, phosphorylation patterns are exquisitely sensitive to changes in pro-
inflammatory stimulation of immune cells and their study by generating 
comprehensive descriptions of cellular signaling using peptide arrays is 
exceedingly useful for the mechanistic dissection of pathogenic responses. 
Interestingly, in recent years it has emerged that also in prokaryotes 
phosphorylation is an important regulatory mechanism. In prokaryotes, signal 
transduction often involves so called two-component regulatory systems, which 
are composed of a histidine kinase and a response regulator. However, recent 
studies have shown that eukaryotic-like serine/threonine protein kinases (STPKs) 
are also expressed by many prokaryotes for the regulation of various cellular 
functions, such as stress responses, biofilm formation, sporulation, metabolism 
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and developmental processes [98,99,100,101,102]. STPKs also play critical roles in 
the virulence of many pathogens, such as Yersinia pseudotuberculosis, 
Mycobacterium tuberculosis, Pseudomonas aeruginosa [206,207], Streptococcus 
pneumoniae [208,209,210] and Staphylococcus aureus [103,104,106]. However, in 
many cases the precise biological functions and roles that these kinases might 
play in infection have remained enigmatic. 
The staphylococcal STPK, often referred to as PknB, is composed of three 
extracellular PASTA domains (penicillin-binding domains), a central transmem-
brane domain and an intracellular kinase domain [103]. Interestingly, it was 
recently reported that PknB is not only involved in the regulation of various 
metabolic pathways and cell wall synthesis of S. aureus [102,104], but that it also 
determines the infectivity of S. aureus in a mouse kidney abscess model [106]. The 
latter observation raises the question whether the kinase activity of PknB is 
directly or indirectly involved in the pathogenicity of S. aureus. A direct role for 
PknB is conceivable, because we observed full-size PknB in the growth medium of 
S. aureus [196]. Subsequent analyses revealed that PknB can phosphorylate 
specific human target proteins. In fact, the results indicated potential roles for 
extracellular PknB in a wide range of host cell signalling processes during S. aureus 
infection [196]. A direct role of PknB in infection is also conceivable since 
serine/threonine kinases have been shown to play key roles in mammalian cell 
signaling, and at least two bacterial equivalents, YpkA of Yersinia and PknG of 
Mycobacterium tuberculosis, are known to be directly involved in the subversion 
of host cells during the respective infectious processes [223,224]. However the 
exact role played by PknB in the pathogenesis or persistence of S. aureus and 
especially its importance in the unusually fulminant immune responses to this 
microorganism remains to be defined.  
In the present studies, we investigated the roles of S. aureus PknB in 
infection of human peripheral blood mononuclear cells (PBMCs) and THP-1 
macrophages using enzyme-linked immuno sorbent assays (ELISA) and kinase 
profiling. The results show that infection of these cells with an S. aureus pknB 
mutant (Δpknb) results in reduced secretion of inflammatory mediators and 
reduced activity of important pro-inflammatory kinases, such as the Bruton’s 
tyrosine kinase, focal adhesion kinases and Src kinases. Since kinases are highly 
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druggable, we propose that pharmacological inhibitors of PknB may be useful 
therapeutics for combating an S. aureus infection-dependent cytokine storm.  
Results and Discussion
Limited cytokine production by PBMCs upon stimulation with pknB mutant S. 
aureus   
In order to study the effect of PknB on cytokine production by PBMCs, we 
incubated PBMCs from healthy donors for 1, 4, 8 and 24 h at different multiplicity 
of infection (MOI) levels with cells of an S. aureus pknB mutant or the parental 
strain NCTC 8325 (Fig. 1 and Supplementary Fig. 1). The S. aureus strain NCTC 
8325 and its pknB mutant derivative were selected for these studies, because 
these strains have been used in many previous studies on staphylococcal 
virulence and PknB function [1,103]. We observed that PBMCs incubated with the 
pknB mutant strain produced dramatically less inflammatory cytokines and 
chemokines, such as IL-1β, IL-6, IL-8, IL-10 and TNFα, than cells infected with the 
parental strain at all MOIs (Fig. 1 and Supplementary Fig. 1). Thus, the genetic 
absence of PknB remarkably reduces the pathogenic nature of S. aureus. 
Staphylococcal PknB affects the activity of protein tyrosine kinases and PI3 
kinase in THP-1 macrophages  
Our cytokine secretion experiments revealed a significantly lower production of 
inflammatory cytokines when PBMCs were incubated with pknB mutant cells. 
Therefore, we investigated whether these changes can be correlated to reduced 
activity of host kinases using kinase profiling as previously described [268]. The 
advantage of this experimental approach is that it allows the investigation of early 
responses to S. aureus that precede the actual production and secretion of 
cytokines. Accordingly, human THP-1 macrophages were incubated for 15 min, 1 h 
or 24 h either with S. aureus Δpknb or with the parental strain NCTC8325, and the 
responses within the THP-1 macrophages were assessed by kinase profiling. This 
revealed a number of peptides that are substrates of kinases of which the 
activities are significantly different upon incubation with S. aureus NCTC 8325 or 
the pknB mutant (Fig. 2). Supplemental Table 1 lists the peptide substrates that 
were phosphorylated to significantly different extents when THP-1 macrophages 
were incubated with the pknB mutant for 15 min, 1 h or 24 h.  
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Figure 1. Cytokine production by PBMCs incubated with S. aureus. Average concentrations of IL-1β (A), 
IL-6 (B), IL-8 (C), IL-10 (D) or TNF-α (E) secreted by PBMCs incubated with S. aureus strains NCTC 8325 (wt), 
ΔpknB or ΔpknBΔφ13 for 1 h, 4 h, 8 h or 24 h are indicated. * P< 0.05, ** P<0.01, *** P<0.001 for each 
cytokine response among the three strains as determined by Student’s t-tests.
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Overviews of the kinases and signaling pathways in THP-1 macrophages 
that were differentially influenced upon incubation with the tested S. aureus 
strains are presented in Figures 3 and 4, and the respective signaling pathways are 
schematically represented in Figure 5. Overall, the results showed that at 15 min 
post infection, compared to the parental strain, the pknB mutant increased the 
levels of Receptor Tyrosine Kinase signaling and apoptotic signaling, whereas Ca2+ 















At 1 h post infection, the pknB mutant triggered increased levels of PKC 
kinase signaling, Ca2+ signaling and apoptotic signaling, whereas the levels of cell 
cycle signaling, the cAMP-dependent signaling and MAPK signaling were reduced. 
However, it should be noted that the changes in the levels of kinase activities at 1 
h post infection were much smaller than at 15 min post infection, and also the 
differences in the responses to the pknB mutant or the parental strain were much 
smaller at this time point (Fig. 3A). At 24 h post infection, there was no major 
Figure 2. Overview of kinase profiling results. The diagram shows the numbers of 
differentially phosphorylated peptides upon incubation of pepchips with lysates of THP-1 
macrophages incubated with different S. aureus strains (as indicated), or with THP-1 
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Figure 2. Overview of kinase profiling r sults. Th  diagr m shows the numbers of differentially 
phosphorylated peptides upon incubation of pepchips with lysates of THP-1 macrophages incubated 
with different S. aureus strains (as indicated), or with THP-1 macrophages that were incubated without 
S. aureus.
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difference detectable in the THP-1 signaling pathways that were modulated in 
response to S. aureus NCTC 8325 or the pknB mutant (Fig. 4). Nevertheless, 
significant differences for individual kinases were still detectable at 24 hr post 
infection (Fig. 3A).   
Specifically, the incubation of THP-1 macrophages with S. aureus Δpknb 
for 15 min resulted in the activation of known signaling pathways for early 
phagocytosis and cytoskeletal rearrangement. During the first 15 min post 
infection with the pknb mutant, the activity of 22 out of 36 kinases was reduced 
as compared to the control macrophages that were not incubated with S. aureus 
(Supplemental Table 1). The strongest decreases (0.64 fold) were observed in the 
activity of the Bruton’s kinase (Btk), Focal adhesion kinase (FAK) and Src kinase 
(Fig. 3A). By contrast, FAK and Src were slightly upregulated, and Btk was slightly 
downregulated when THP-1 macrophages were incubated with the parental S. 
aureus strain (Fig. 3A) [1]. Moreover, kinases like PAK and PI3K were differentially 
regulated when macrophages were incubated with S. aureus Δpknb or the 
parental strain (Figs. 3A and 4). Bruton’s kinase belongs to the Tec family of 
cytoplasmic receptor tyrosine kinases and is mainly expressed in B cells and in 
myeloid cells, such as macrophages and neutrophils [269]. Btk deficiency results in 
the human disease called X-linked agammaglobulinemia (XLA). Patients with XLA 
suffer from recurrent bacterial infections due to reduced numbers of mature B 
cells [270]. Like the SFK kinases, the FAK kinase showed significantly decreased 
activity (0.56-fold) upon infection of THP-1 macrophages with S. aureus Δpknb. 
The protein tyrosine kinase FAK is recruited at an early stage to focal adhesions 
and it mediates many of the downstream responses, such as phagocytosis. FAK is 
activated by the focal adhesion complex (FAC) and by binding of β subunits of 
integrins to the extracellular matrix (ECM). 
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Focal adhesion complex assembly and disassembly are critical for cell 
attachment and movement. When FAK is activated it autophosphorylates and 
binds the Src kinase (Fig. 5), which in turn phosphorylates other sites on FAK and 
the FAK-binding proteins, such as Cas and paxillin. Phosphorylation of FAK is also 
important for the recruitment of other SH2-containing proteins, including 
phosphotidylinositol 3-kinase (PI3K) and phospholipase-Cγ (PLCγ; Fig. 5). Our 
present results show that both FAK and PI3K were down-regulated upon THP-1 
Figure 3. Activity of different kinases in THP-1 macrophages incubated with pknB mutant S. 
aureus cells. THP-1 macrophages were incubated with cells of the S. aureus strains Δpknb or 
ΔpknBΔφ13 or the parental strain NCTC 8325 (wild-type) for 15 min, 1 h or 24 h. As a control, 
macrophages were incubated without S. aureus cells. Kinase profiling and data analyses were 
performed as described in the Materials and Methods section. (A) Up- or down-regulation of kinase 
activities in THP-1 macrophages incubated with S. aureus NCTC 8325, ΔpknB or ΔpknbΔφ13. A fold 
change of 1 represents the situation where the phosphorylation of respective peptides is identical in 
THP-1 cells incubated with or without S. aureus. A fold change of > 1 indicates that the 
phosphorylation intensity of particular peptides was increased when THP-1 cells were incubated 
with S. aureus, and a fold change <1 indicates that the phosphorylation intensity of particular 
peptides was decreased when THP-1 cells were incubated with S. aureus. Calculated values of the 
presented up- or down-regulated kinase activities are based upon the data in Supplemental Tables 
1 and 2. Note that we used the control data set for the parental strain in the previously published 
paper by [1]. 2011. The parental control data were however collected in parallel with the data sets 
for the ΔpknB or ΔpknbΔφ13 strains. (B) THP-1 macrophages incubated with S. aureus NCTC 8325 
(wt), ΔpknB or ΔpknBΔφ13 for 15 min, 1h or 24 h. Magnification 10x. 
 
Figure 3.  Activity of different kinases in THP-1 macrophages incubated with pknB mutant S. aureus cells. 
THP-1 macrophages were incubated with cells of the S. aureus strains Δpknb or ΔpknBΔφ13 or the pa-
rental strain NCTC 8325 (wild-type) for 15 min, 1 h or 24 h. As a control, macrophages were incub ted 
without S. aureus cells. Kinase profili g and data analyses were performed as desc ibed in the Materials 
and Meth ds s ction. (A) Up- or down-regulation of kinase ctivities in THP-1 macrophages i cubated 
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intensity of particular peptides was decreased when THP-1 cells were incubated with S. aureus. Calculated 
values of the presented up- or down-regulated kinase activities are based upon the data in Supplemental 
Tables 1 and 2. Note that we used the control data set for the parental strain in the previously published 
paper by [1]. 2011. The parental control data were however collected in parallel with the data sets for the 
ΔpknB or ΔpknbΔφ13 strains. (B) THP-1 macrophages incubated with S. aureus NCTC 8325 (wt), ΔpknB or 
ΔpknBΔφ13 for 15 min, 1h or 24 h. Magnification 10x.
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macrophage incubation with S. aureus ΔpknB (Fig. 3A). Interference with activity 
of the FAK-Src complex, which seems down-regulated in response to S. aureus 
ΔpknB (Figs. 3A and 5), is expected to impair cell motility in multiple cell types as 
both enzymes are critical for proper focal contact turnover. Agerer and colleagues 
have shown that integrin engagement by S. aureus triggered recruitment of the 
focal contact-associated proteins vinculin, tensin and zyxin, and FAK-deficient cells 
were severely impaired in their ability to internalize S. aureus [271]. The results of 
kinase profiling were verified by Western blotting analyses with phosphoprotein-
specific antibodies. Generally, the results of these two types of analyses were in 
good agreement (Figs 3 and 6).  It was however noteworthy that Western blotting 
revealed strong effects of the pknB mutation in S. aureus on signaling in the 
macrophages after 24 h incubations, where strongly lowered levels of the 
















Figure 4. Overview of kinases and signaling pathways that are influenced upon incubation of 
THP-1 cells with the S. aureus strains NCTC 8325 (wild-type), ΔpknB or ΔpknBΔφ13. The activity 
of different kinases and phosphorylation pathways in THP-1 macrophages incubated with S. 
aureus were determined as described in Figure 3. THP-1 macrophages were incubated with S. 
aureus cells for 15 min, 1 h or 24 h. As a control, macrophages were incubated without S. aureus 
cells. Note that we used the control data set for the parental strain in the previously published 
paper by [1]. 2011. The parental control data were, however, collected in parallel with the data 











































































































Figure 4. Overview of kinases and signaling pathways that are influenced upon incubation of THP-1 
cells with the S. aureus strains NCTC 8325 (wild-type), ΔpknB or ΔpknBΔφ13. The activity of different 
kinases and phosphorylation pathways in THP-1 macrophages incubated with S. aureus were determined 
as described in Figure 3. THP-1 macrophages were incubated with S. aureus cells for 15 min, 1 h or 24 h. 
As a control, macrophages were incubated without S. aureus cells. Note that we used the control data 
set for the parental strain in the previously published paper by [1]. 2011. The parental control data were, 
howev r, collected in parallel with the data sets for the ΔpknB or ΔpknbΔφ13 strains.
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Our findings concerning the cytokine production by S. aureus-stimulated PBMCs 
can best be reconciled with the data obtained for S. aureus-stimulated THP-1 
macrophages at 15 min post infection. At this time point, we observed a strong 
down-regulation of Btk when the THP-1 cells were stimulated with pknB mutant S. 
aureus cells. This is expected to result in reduced cytokine production. On the 
other hand the activity of Btk in THP-1 macrophages was enhanced at 1 h post 
infection with S. aureus cells lacking pknB. At this time point, the PBMCs did not 
yet produce detectable amounts of most tested cytokines, not even when they 
were stimulated with lipopolysaccharide (LPS) or the lipopeptide Pam3Cys. This 
makes a direct comparison of the results obtained with THP-1 macrophages and 
PBMCs a bit difficult, but it is clear that pknB mutant cells have a lower propensity 
to stimulate cytokine production than the parental strain NCTC 8325.  
Staphylococcal phage 13 limits the intensity of macrophage signal transduction 
responses to pknB mutant S. aureus cells 
In the course of our studies we noticed that some of our pknB mutant isolates 
formed an additional halo on blood agar plates. Subsequent analyses by PCR  
(Fig. 7) and proteomics (data not shown) revealed that these isolates had lost the 
phage 13. This caused the secretion of active β-hemolysin and, accordingly, a 
second halo on blood agar. When PBMCs from healthy donors were incubated 
with the pknB mutant strain lacking phage 13 (ΔpknBΔΦ13), they produced barely 
detectable amounts of IL-1β, IL-6, IL-8, IL-10 and TNFα. (Fig. 1 and Supplemental 
Fig. 1). Thus, the absence of phage 13 from the pknB mutant strain reduced the 
inflammatory responses to S. aureus even further than the pknB mutation alone. 
On the other hand, infection of THP-1 macrophages with pknB mutant S. aureus 
cells lacking phage 13 caused severe macrophage lysis upon 24 h incubation (Fig. 
3B). Therefore, we decided to also investigate the THP-1 responses to pknB 
mutant cells lacking phage 13 by kinase profiling. Supplemental Table 2 lists the 
peptide substrates that were phosphorylated to significantly different extents 
when THP-1 macrophages were incubated with S. aureus ΔpknB lacking phage 13 
or the parental strain for 15 min, 1 h or 24 h. The kinase profile of macrophages 
incubated with S. aureus Δpknb lacking phage 13 was, in essence, comparable to 
the profile of macrophages infected with S. aureus Δpknb containing phage 13 
(Fig. 3A). However, especially 15 min and 1 h post infection, the level of apoptotic 
signaling was higher in THP-1 macrophages incubated with the pknB mutant 
lacking phage 13 (Fig. 4). An intriguing observation was that nearly all THP-1 
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responses observed for the pknB mutant were enhanced upon infection with the 
strain lacking phage 13, the activity of kinases being more strongly inhibited at 15 
min post infection and more strongly induced at 1 h post infection (Figs. 2 and 
3A). Such a strong inhibition of kinase activity at 15 min post infection would be 
consistent with the absence of the phage 13-encoded SCIN, CHIP and SAK proteins 
that are involved in complement- and inflammatory cell recruitment inhibition 
[27,31,32,35]. By contrast, the increased activity of kinases at 1 h post infection 
can be attributed to the detrimental effects of secreted β-hemolysin. This 
hemolysin is a secreted sphingomyelinase that damages membranes by 
hydrolyzing sphingomyelin, the most prevalent sphingolipid in the mammalian cell 
membrane.  
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Figure 6. Western blotting controls for S. aureus-induced changes in peptide phosphorylation. THP-1 
macrophages were incubated for 15 min, 1 h or 24 h with S. aureus strains NCTC 8325 (wt), ΔpknB or 
ΔpknBΔφ13. As a control THP-1 macrophages were incubated in the absence of S. aureus. All THP-1 lysates 
used for Western blotting relate to the same samples that were used for kinase profiling. The membranes 
were probed with antibodies that are specific for the phosphorylation state of the respective proteins. The 
apparent molecular weight of each protein is indicated.
Figure 7. Production of βhemolysin. Upper panel, Colonies of S. aureus NCTC 8325 (wt), ΔpknB or 
ΔpknBΔφ13 (from left to right) grown on blood agar. Note that the colony of S. aureus ΔpknBΔφ13 forms 
a faint second halo due to the secretion of active hemolysinβ . Middle panel, PCR detection of the intact 
hlb gene in three isolates of each strain. Lower panel, PCR detection of the phage 13-encoded sak gene in 
three isolates of each strain. Strains NCTC 8325 and ΔpknB show the typical hlb and sak PCR amplification 
patterns of strains harboring the lysogenic Hlb-converting phage 13. In contrast, PCR reveals the presence 
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The products of this hydrolytic reaction are phosphorylcholine and 
ceramide. A variety of mammalian cells was shown to be damaged by β-hemolysin 
and many diseases have been associated with this toxin [272,273,274,275]. It has 
been shown that ceramides are involved in the induction of cell death during 
infection of endothelial cells with S. aureus. Nevertheless, the molecular 
mechanisms by which ceramide and sphingomyelinase are involved in S. aureus 
infections have so far remained unknown [276,277]. Interestingly, it has been also 
reported that secreted β-hemolysin is required for the induction of caspase-1 and 
the Nlrp3 inflammasome, as well as cytokine 1 secretion in macrophages 
incubated with S. aureus [94]. Thus, the observed kinase up-regulation at 1 h post 
infection might be the result of inflammasome activation by β-hemolysin. Clearly, 
we observed high levels of THP-1 macrophage lysis at 24 h post infection (Fig. 3B), 
which is consistent with the known cytolytic properties of β-hemolysin. Notably, 
comparable kinase activities were observed in macrophages incubated for 24 h 
with pknB mutant S. aureus with or without phage 13 (Figs. 3A, 4 and 8). This 
apparent lack of effect, combined with the observed macrophage lysis upon 
infection with β-hemolysin-producing cells, suggests that the macrophages that 
had responded strongly to infection with S. aureus ΔpknBΔΦ13 at 15 min and 1 h 
post infection had lysed after 24 h and that only the non-responding macrophages 
survived until this time point.  
We can only speculate about the reasons why cytokine production was 
close-to-absent upon PBMC incubation with the ΔpknBΔΦ13 strain (Fig. 8). In 
view of the fact that cells of this S. aureus strain do not express SAK, SCIN and 
CHIPS, but secrete β-hemolysin instead we would have expected a high level of 
cytokine production, especially because Walev and colleagues have shown that 
the purified β-hemolysin causes massive cytokine production [278]. However, we 
did not stimulate the PBMCs with purified β-hemolysin, but with a β-hemolysin-
producing S. aureus strain. Thus, it is conceivable that at 4 h post infection the β-
hemolysin levels were high enough to affect the viability of the PBMCs to the 
extent that they could no longer produce cytokines. In this respect, it is 
unfortunate that PBMCs stimulated for 1 h with S. aureus cells, LPS or Pam3Cys 
did not yet start to produce cytokines so that early effects of the ΔpknBΔΦ13 




Figure 8. Upstream kinases of which the activity is differentially regulated upon incubation of THP-1 
macrophages with or without S. aureus. (A) 15 min incubation, (B) 1 h incubation or (C) 24 h incubation. 
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Interestingly, a recent study of Verkaik et. al [279] revealed that S. aureus 
NCTC 8325 containing phage 13 was eliminated significantly faster than the strain 
lacking phage 13 in nasal colonization experiments with healthy human 
volunteers. 
This suggests that during the early stages of colonization, it may be more 
advantageous for S. aureus to produce the hemolysin β for the killing of 
phagocytes than to produce immune evasion factors encoded by phage 13 (i.e. 
SAK, SCIN and CHIPS). However, the large majority of S. aureus strains isolated 
from persistent carriers contained phage 13, which suggest that it is more 
advantageous for S. aureus to acquire  this phage for persistent nasal colonization 
[279].  
Association of the absence of staphylococcal PknB with reduced macrophage 
and PBMCs responses  
PknB is the only known serine/threonine kinase of S. aureus that binds to 
peptidoglycan (PepG) through extracellular domains, denoted as PASTA domains, 
and that plays a role in cell wall metabolism. Although the physiological relevance 
of Ser/Thr phosphorylation/dephosphorylation has been demonstrated by several 
groups, many basic questions remain unanswered. For example the mechanisms 
of sensing extracellular and intracellular signals, as well as the correlation of the 
presence of PknB with S. aureus virulence. Therefore we would like to propose 
three possible scenarios, which might explain the observed reduced cytokine 
production and down-regulation of kinases in PBMCs and macrophages when 
incubated with pknB mutant S. aureus cells. In the first place, secreted PknB from 
S. aureus cells that have been internalized by macrophages might directly impact 
on tyrosine kinase signaling in the macrophages as was previously proposed [196]. 
Secondly, the role of PknB in modulating host cell responses can be explained 
through its role in the regulation of autolysins, which are PepG hydrolases that 
play important roles in bacterial cell wall turnover, cell division and cell 
separation. However, PepG is needed to maintain bacterial cell integrity and 
viability. Therefore it is critically important to maintain a proper balance between 
new synthesis of PepG and its degradation. Donat et al. have shown a 2.2-fold 
decreased expression of the major S. aureus autolysin gene atl and a 2.3- to 2.8-
fold induction of two autolysis regulators (fmtA and lytR) and two murein 
hydrolase gene regulators (lrgA and lrgB) in pknB mutant S. aureus cells.  
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In addition pknB mutant S. aureus strains produce less UDP-N-acetylmuramates, 
which are the main precursors for PepG synthesis and they are more resistant to 
Triton X-100-induced autolysis. Furthermore, studies of Tamber et al. have shown 
that the autolytic activity of pknB mutant cells was restored upon addition of the 
protease inhibitor phenylmethanesulfonylfluoride (PMSF) to the culture medium, 
which suggest that the autolysin defect of these cells may be due to enhanced 
serine protease activity [102,103,105]. The PepG release during S. aureus autolysis 
seems to have a very important role because it activates PknB and stimulates 
bacterial growth and revival from latency [98,280,281,282]. Therefore, we 
speculate that reduced cell wall turnover in the pknB mutant strain can cause 
lower amounts of peptidoglycan released from the bacteria. In turn, this might 
affect the recognition of bacterial pepdidoglycan or whole bacteria by the THP-1 
macrophages. Reduced activation of recognition receptors would then lead to 
lower activity of the kinases involved in pro-inflammatory signal transduction and, 
eventually, to reduced amounts of secreted cytokines. A third explanation for the 
reduced response of human macrophages during infection with S. aureus pknB 
mutant cells might be the possible occurrence of small structural change(s) in 
PepG, which could affect the PepG-lipoteichoid acid interactions [105]. Several 
studies have shown that LTA and PepG interaction is required for cytokine 
production, septic shock and multiple organ failure, but the mechanisms by which 
LTA and PepG act in synergy are not clear [283,284]. Studies of Kengatharan et al. 
showed, that a specific fragment of PepG (N-acetylglucosamineb-[1→4]-N-
acetylmuramyl-l-alanine–d-isoglutamine) is responsible for the synergism with 
LTA to induce NO formation in the murine macrophage cell line J774.2. 
Furthermore, they found that the structure of LTA determines the ability of a 
particular bacterium to cause shock and multiple organ failure, while PepG acts to 
amplify any response induced by LTA [30]. However, the details of structural 
components within LTA and/or PepG, which are essential for the interaction of 
these two wall fragments have so far remained unknown. In any case, it is 
conceivable that minor changes in the peptidoglycan or LTA of the pknB mutant 
cells can result in reduced recognition by the host cell receptors which, in turn, 
might lead to the observed down-regulation of signal transduction pathways and 
reduced production of pro- and anti-inflammatory cytokines.  
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Notably, the three possible mechanisms that might explain the observed 
host cell responses to PknB-deficient S. aureus cells are not mutually exclusive, 
and direct as well as indirect mechanisms may be operational simultaneously. In 
any case, a lack of PknB in S. aureus will result in an aberrant regulation of PepG 
synthesis, which may then lead to reduced bacterial cell lysis, lower amounts of 
released PepG and/or structural changes in the PepG network. If this is also the 
case during our infection experiments, both the reduced release of PepG or its 
structural changes in pknB mutant cells might subsequently lead to reduced 
activation of the PepG-recognizing TLR2, NOD2 and NLRP3 host cell receptors, 
which are essential for pathogen recognition, downstream kinase signaling and 
activation of pro-inflammatory processes, such as inflammasome activation and 
pro-inflammatory cytokine production (Fig. 5)[8,285,286,287]. Importantly,  in 
sepsis not the bacteria per se, but the strong inflammatory reaction elicited is the 
main problem. Therefore, we conclude that our studies on PknB may have 
provided the first example of a prokaryotic kinase whose inhibition constitutes a 
rational novel therapeutic avenue in a dangerous infectious disease. 
Materials and Methods 
Bacterial strains and growth conditions 
S. aureus strains NCTC 8325, NCTC 8325 ΔpknB and NCTC 8325 ΔpknB ΔΦ13 [103] 
were cultivated overnight (37°C, 250 rpm) in 10 ml of Trypticase Soy Broth (TSB). 
The overnight cultures were then diluted to an initial optical density at 600 nm 
(OD600) of 0.08 in 15 ml of TSB and grown at 37°C to an OD600 of 0.8, which 
corresponds to ~ 2.5×108 colony forming units (CFU). Bacteria were separated 
from the growth medium by centrifugation (8000 rpm, 5 min, 4°C), washed three 
times in phosphate-buffered saline (PBS) and re-suspended in the invasion 
medium RPMI (Gibco) supplemented with 2 mM L-glutamine (PAA) and 10% heat-
inactivated Fetal Bovine Serum (FBS; PAA).  
Colony PCR 
The sequences for the sak, scn, chp and hlb genes of S. aureus NCTC 8325 were 
obtained from the NCBI database (www.ncbi.nlm.nih.gov) in order to design the 
following primers: sak forward, GTTGATATTTATCATCTTAAATAAGG; sak reverse, 
CAAGACATTGCTTTCTATAATAAAC; scn forward, CTCATTTTAGGAATTTCGC; scn 
reverse, CAAGTTATGAAATGTCTGCC; chp forward, CATTTAATAAGAAGATCTA 
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TATAGTTAATG; chp reverse: CCTATACTGTTTTATTTATGAACAC; hlb forward, 
GTTGTAAGCTATATAAAAGGAGTG; and hlb reverse: GAACGAAGCAAGTTAT 
TAGTTAG. Colony PCR was performed using cells that were grown on tryptic soy 
agar and blood agar plates. The colonies were touched with a plastic inoculation 
loop, and resuspended in 200 μl TE buffer (10 mM Tris-HCl, pH 7.5, 1 mM EDTA). 
For each reaction 0.5 μl of the colony suspension was used. PCR was performed 
using a Thermocycler (MJR PTC-200, MJ Research) and amplified fragments were 
analyzed by agarose gel electrophoresis. 
Cell culture and growth conditions 
THP-1 cells [191] were grown in suspension in RPMI 1640 medium (Gibco) 
supplemented with 2 mM glutamine (PAA) and 10% heat-inactivated FBS (PAA). 
Cell culturing and all subsequent experiments were carried out at 37°C under 5% 
CO2. Cells were passaged every three days. Cell viability as determined by the 
trypan blue exclusion assay [192] was at least 90% before and during all 
experiments. For phosphorylation profiling assays, 105 cells were seeded in 6-well 
plates (TPP). Differentiation and adherence of THP-1 monocytes was induced by 
incubation with 20 ng/ml phorbol 12-myristate 13-acetate (PMA; Sigma Aldrich) 
for 2 days at 37°C in 5% CO2 [193]. After 2 days of differentiation, the medium was 
removed, cells were washed three times with PBS, and then the cells were 
incubated for one more day in fresh supplemented RPMI 1640 medium. 
Infection experiments for kinase profiling 
THP-1 macrophages were infected with S. aureus strains NCTC 8325 ΔpknB, S. 
aureus NCTC 8325 ΔpknBΔΦ13 or the parental strain NCTC 8325 at a MOI of 1:50. 
Macrophages were incubated with bacteria for 15 min, 1 h or 24 h. As a negative 
control macrophages were incubated without bacteria. After 1 h, medium with 
non-internalized bacteria was removed, cells were washed three times in PBS, and 
fresh RPMI 1640 medium supplemented with 2 mM glutamine, 10% heat 
inactivated FCS and 100 µg/ml gentamycine was added, and macrophages were 
incubated for another 23 h. After this incubation period, the medium was 
removed and cells were washed three times in PBS (PAA). The cells were then 
lysed with Mammalian Protein Extraction Reagent (M-PER; Thermo Scientific), 
supplemented with Halt Protease and Phosphatase Inhibitor Cocktails (Thermo 
Scientific), for 1 h on ice under gentle shaking. Lysed cells were scraped from the 
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plates, collected in fresh Eppendorf tubes and centrifuged for 10 min (14000 rpm, 
4°C) in order to remove cellular debris. Then the supernatant was collected and 
the protein concentration was determined using the Micro BSATM Protein Assay 
Kit (Thermo Scientific). All kinase profiling experiments were done in triplicate. 
Kinase profiling array analyses 
For kinase profiling, we employed the entire complement of kinase substrates 
described in phosphobase, which were spotted on hydrogel-coated glass as 
described by Diks et al. [116]. This resulted in slides that display 1,152 individual 
kinase substrates (i.e. peptides) in duplicate. The sequences of these peptides and 
the source proteins from which they were derived can be found in the 
Supplemental Tables 1 and 2 and, in more detail, on http://www.pepscanpresto. 
com/files/PepChip%20Kinase%20Map%20File%200103.xls. Procedures for per-
forming phosphorylation profiling and for data analysis were previously described 
in detail by Diks et al. and Miller et al. [116,196]. Western blotting to verify kinase 
profiling results was performed as described by Miller et al. [1,116].  
Isolation of human peripheral blood mononuclear cells (PBMCs) and stimulation 
of cytokine production 
Isolation of human PBMCs from three healthy donors was performed as 
previously described with minor modifications [288]. Specifically, PBMCs (5x105) 
in a 100µl volume were added to round-bottomed 96-well plates (Greiner) and 
incubated with either 100 µl of fresh culture medium or various stimuli including 
S. aureus cells (MOIs; 1:10, 1:25 or 1:50), highly purified LPS from Escherichia coli 
at 10 ng/ml [289], or palmitoyl-3-cysteine (Pam3Cys) 10µg/ml. PBMCs were 
incubated with stimuli for 1 h, 4h, 8h or 24 h. After addition of either of these 
stimuli, the plates with PBMCs were centrifuged for 7 minutes at 1,200 rpm. As a 
negative control, PBMCs that had not been incubated with bacteria were used. 
After 1 h, medium with non-internalized bacteria was removed, cells were washed 
three times in PBS, and fresh RPMI 1640 medium supplemented with 2 mM 
glutamine, 10% heat inactivated FCS and 100 µg/ml gentamycin was added and 
PBMCs were incubated for another 3h, 7h or 23 hours. At each time point, 
supernatants were collected and stored at -80°C until assayed for cytokine 
determination. All PBMC stimulation experiments were done in duplicate with six 
biological replicates.  
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Human IL-1β, TNFα (R&D Systems), IL-8, IL-6 and IL-10 (Pelikine Compact, 
Sanquin) levels in cell supernatants were assayed using ELISA kits according to 
manufacturers’ instructions. 
Statistical analysis of cytokine production 
Differences in cytokine production between PBMCs incubated with different S. 
aureus strains were tested using unpaired t-tests. Data are expressed as the mean 
± standard error of the mean (SEM), unless stated otherwise. P values of less than 
0.05 (in comparison with the parental S. aureus strain) were considered 
significant. Correlation efficient are presented in Supplementary figure 2.  
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The Gram-positive bacterium Staphylococcus aureus is known as a dangerous 
human pathogen. In order to become virulent, S. aureus produces and secretes a 
wide range of virulence factors. These virulence factors need to be actively 
exported from the cells and in some cases they are post-translocationally 
modified either for folding into a stable conformation or retention at a particular 
cellular location. Here we have probed the roles of non-essential protein secretion 
machinery components in the intracellular secretion of a penicillinase by S. aureus 
cells that have been internalized by macrophages. The results show that 
macrophages with internalized penicillinase-producing S. aureus cells lacking the 
diacyl-glyceryl transferase Lgt, the disulphide bond oxidase DsbA, the 
mechanosensitive channel MscL or the SecG and SecY2 secretion channel 
components display highly elevated intracellular levels of penicillinase activity 
compared to the parental strain. This indicates that the respective mutant strains 
either have an increased capacity for intracellular penicillinase secretion, a higher 














The Gram-positive bacterium Staphylococcus aureus is a frequent component of 
the human microbiota as 20-30% of the human population is asymptomatically 
colonized with S. aureus on the skin, upper respiratory tract, or the 
gastrointestinal tract. Nevertheless, S. aureus is also a leading cause of invasive 
infections. It successfully subverts the human host by secreting an arsenal of 
virulence factors that can be expressed when needed at different stages of 
growth.  
Specifically the virulence factors of S. aureus include: (a) surface proteins 
that promote adhesion and the colonization of host tissues (e.g. fibrinogen-
binding protein, fibronectin-binding protein, collagen-binding protein), (b) 
invasins that are secreted to promote bacterial spreading in tissues (e.g. 
leukocidin, hualuronidase), (c) surface factors that inhibit phagocytic engulfment 
and promote immune evasion (e.g. capsule, protein A, Sbi, coagulase, clotting 
factor), (d) anti-oxidative compounds and proteins that enhance staphylococcal 
survival in phagocytes (e.g. carotenoids, catalase), (e) membrane-damaging toxins 
that destroy eukaryotic cell membranes (e.g. α-, β-, and γ-hemolysin, leukotoxins), 
(f) superantigens that contribute to the symptoms of septic shock (staphylococcal 
entertoxin A-G, Toxic shock syndrome toxin TSST, exfoliative toxins A and B), and 
(g) determinants for resistance to antimicrobial agents (penicillin-binding 
proteins, penicilinase) [114,115,154,290,291]. 
Most of the proteinaceous virulence factors of S. aureus are displayed on 
the surface of the staphylococcal cell or released into the extracellular milieu. In 
general, proteins that have to be secreted from the bacterial cell are synthesized 
with an N-terminal signal peptide, which directs the newly synthesized protein 
from the ribosome to the translocation machinery in the cytoplasmic membrane. 
In S. aureus at least six secretion pathways have been identified [221].  
In Gram-positive bacteria, such as S. aureus, proteins synthesized without 
a signal peptide generally reside in the cytoplasm, although such proteins can also 
be encountered bound to the cell surface or in the extracellular environment 
[292]. This probably relates to cell lysis although active transport mechanisms 
cannot be excluded. In contrast, proteins with a signal peptide are targeted to the 
membrane via the Sec, Tat or Com pathways. If the signal peptide remains 
attached to the translocated protein, this protein will remain attached to the 
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membrane. However, if the signal peptide is cleaved by signal peptidase during or 
shortly after membrane translocation, the protein will be released from the 
membrane. If such a processed protein contains no retention signals for the 
membrane or cell wall, it will be secreted into the environment. However, if it 
contains a so-called lipobox, the protein will be lipid-modified and by means of 
the lipid modification it will remain attached to the membrane. Other 
translocated and processed proteins contain cell wall retention signals that 
facilitate their covalent linkage or high-affinity binding to cell wall components 
[292].  
The most commonly used pathway for bacterial protein secretion is the 
Sec pathway. Proteins that are exported via the Sec pathway contain signal 
peptides with recognition sites for so-called type I (SpsB) or type II (LspA) signal 
peptidases (SPases). The process of Sec-dependent protein export can be divided 
into three stages. Firstly, the proteins are targeted to the membrane translocation 
machinery by export-specific or general chaperones. Secondly, their translocation 
across the membrane is facilitated by the Sec machinery, which is composed of 
the channel components SecY, SecE and SecG, and the translocation ATPase SecA. 
Notably, the SecY and SecA components are duplicated in S. aureus [221,293]. The 
third and final stage involves processing of the translocated protein by SPase, and 
post-translocational folding and modification. It should be noted that the Sec 
pathway can only facilitate membrane passage of proteins in an unfolded state 
[294,295,296]. While most translocated proteins seem to have an intrinsic 
capability to fold into their native conformation, their post-translocational folding 
in vivo is usually catalyzed by chaperones and other folding catalysts, such as PrsA 
and DsbA [221,226,297]. PrsA is a general folding catalyst with peptidyl-prolyl 
cis/trans isomerase activity that was shown to be involved in the correct folding of 
several secreted enzymes in B. subtilis [298] and the protective antigen of B. 
anthracis [299]. DsbA is a homologue of the E. coli DsbA and B. subtilis BdbD 
proteins, which are both oxidases involved in the formation of disulfide bonds in 
exported proteins [300]. However, unlike its homologues in E. coli and B. subtilis, 
the S. aureus DsbA does not seem to require a membrane-embedded partner 
protein for its re-oxidation during catalysis. Instead, this protein is re-oxidized by 
components in the extracellular environment [301,302]. Bacteria express a wide 
variety of disulphide-bonded virulence factors, including secreted toxins, surface 
components, such as adhesins and pili, and secretion systems [303,304]. To be 
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membrane. However, if the signal peptide is cleaved by signal peptidase during or 
shortly after membrane translocation, the protein will be released from the 
membrane. If such a processed protein contains no retention signals for the 
membrane or cell wall, it will be secreted into the environment. However, if it 
contains a so-called lipobox, the protein will be lipid-modified and by means of 
the lipid modification it will remain attached to the membrane. Other 
translocated and processed proteins contain cell wall retention signals that 
facilitate their covalent linkage or high-affinity binding to cell wall components 
[292].  
The most commonly used pathway for bacterial protein secretion is the 
Sec pathway. Proteins that are exported via the Sec pathway contain signal 
peptides with recognition sites for so-called type I (SpsB) or type II (LspA) signal 
peptidases (SPases). The process of Sec-dependent protein export can be divided 
into three stages. Firstly, the proteins are targeted to the membrane translocation 
machinery by export-specific or general chaperones. Secondly, their translocation 
across the membrane is facilitated by the Sec machinery, which is composed of 
the channel components SecY, SecE and SecG, and the translocation ATPase SecA. 
Notably, the SecY and SecA components are duplicated in S. aureus [221,293]. The 
third and final stage involves processing of the translocated protein by SPase, and 
post-translocational folding and modification. It should be noted that the Sec 
pathway can only facilitate membrane passage of proteins in an unfolded state 
[294,295,296]. While most translocated proteins seem to have an intrinsic 
capability to fold into their native conformation, their post-translocational folding 
in vivo is usually catalyzed by chaperones and other folding catalysts, such as PrsA 
and DsbA [221,226,297]. PrsA is a general folding catalyst with peptidyl-prolyl 
cis/trans isomerase activity that was shown to be involved in the correct folding of 
several secreted enzymes in B. subtilis [298] and the protective antigen of B. 
anthracis [299]. DsbA is a homologue of the E. coli DsbA and B. subtilis BdbD 
proteins, which are both oxidases involved in the formation of disulfide bonds in 
exported proteins [300]. However, unlike its homologues in E. coli and B. subtilis, 
the S. aureus DsbA does not seem to require a membrane-embedded partner 
protein for its re-oxidation during catalysis. Instead, this protein is re-oxidized by 
components in the extracellular environment [301,302]. Bacteria express a wide 
variety of disulphide-bonded virulence factors, including secreted toxins, surface 
components, such as adhesins and pili, and secretion systems [303,304]. To be 
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functionally active, many of these proteins require to be oxidatively folded [305]. 
Accordingly, the inactivation of genes encoding the Dsb system in cells of various 
pathogenic microbial species, such as Vibrio cholerae, Pseudomonas aeruginosa, 
Salmonella enterica or Helicobacter pylori, reduces their virulence 
[306,307,308,309]. 
In addition to the Sec pathway, Gram-positive bacteria can use several 
other special purpose pathways for protein export from the cytoplasm. These 
include the Twin-arginine translocation (Tat) pathway, the Com pathway, the YidC 
pathway, the Ess pathway and secretion via holins or ABC transporters 
[221,294,296]. The Tat translocase of S. aureus consists of the TatA and TatC 
subunits. This translocase recognizes a twin-arginine motif that consists of two 
adjacent (twin) Arg residues followed by another amino acid and two hydrophobic 
amino acids (R-R-x-φ-φ, where φ is a hydrophobic amino acid) [310,311]. In 
contrast to the Sec translocase, the Tat translocase is able to transport folded 
proteins across the membrane, which seems of particular relevance for the export 
of proteins with bound co-factors. The Tat pathway has been studied very well in 
E. coli and B. subtilis [312,313,314], but fairly little is known about the roles of this 
pathway in S. aureus. Recently, the Tat pathway of S. aureus has been studied 
using biochemical and proteomics approaches, but this has led to the 
identification of only one substrate so far, which is FepB [315,316].   
The Com pathway of B. subtilis is used for the export and assembly of 
pseudopili that are necessary for DNA binding and uptake during natural genetic 
competence development [226,297]. Homologues of some of the Com pathway 
components and pseudopilins are also present in S. aureus. So far, limited 
information is available about this pathway in S. aureus. Morikawa and colleagues 
have shown that the expression of several pseudopilin genes is under control of 
the SigH sigma factor [317], but whether these genes are involved in DNA uptake 
has so far remained unclear. 
S. aureus and related Gram-positive bacteria have several mechanisms for 
the retention of proteins that have been exported from the cytoplasm. One of 
these mechanisms is to bind the protein to the membrane via a lipid anchor. As 
indicated above, such lipoproteins are synthesized with a Sec-type signal peptide 
containing the so-called lipobox [318]. The lipobox has the consensus sequence  
-3L-x-x-C+1 and contains an invariant Cys residue at the +1 position. The lipobox is 
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recognized by the diacylglyceryl transferase Lgt and the invariant Cys is then 
modified by transferring a diacylglyceryl group from phosphatidylglycerol to the 
sulfhydryl group of this Cys residue [226]. Upon cleavage by the lipoprotein-
specific signal peptidase II (LspA), the lipid-modified Cys residue serves as the 
membrane anchor for the mature lipoprotein. It has been shown that S. aureus 
Lgt is important for virulence and recognition by the host [316]. Furthermore, it 
was reported that S. aureus variants lacking lipoproteins escaped immune 
recognition and caused lethal infections with disseminated abcess formation in 
mice. Moreover lgt-deficient S. aureus failed to provoke a strong host cell 
activation [72,73,316,319]. However, the molecular basis for these different 
observations is presently not clear.  
Another mechanism employed for the specific retention of proteins in the 
cell envelope is their covalent attachment to the cell wall. In S. aureus and many 
other Gram-positive pathogens, this reaction is catalyzed by sortases 
[320,321,322]. Based on phylogenetic analyses of 61 sortases, at least four classes 
of sortase (A-D) can be distinguished [320]. In the genome of S. aureus two genes 
encoding sortases are present. These enzymes recognize proteins with a  
C-terminal signal, which consists of the recognition motif (LPxTG), followed by a 
stretch of hydrophobic residues and several positively charged residues (Arg or 
Lys). SrtA recognizes proteins with an LPxTG or LPxAG motif and cleaves N-
terminally of the Gly residue. At the same time, SrtA couples the mature protein 
through its new C-terminal Thr or Ala residue to the peptidoglycan in the cell wall 
[323,324]. In S. aureus 21 proteins have been identified with SrtA signals. For 
several of these proteins (e.g. protein A, ClfA, SasG) it has been shown that they 
are indeed attached to the cell wall by SrtA, and that they are involved in 
virulence [325,326]. The gene encoding the second sortase of S. aureus, SrtB, lies 
in an operon that also encodes the SrtB substrate IsdC and several other genes 
involved in iron acquisition [327]. The structure of this operon is conserved in 
other Gram-positive pathogens, such as Bacillus anthracis, Bacillus cereus and 
Listeria monocytogenes [320]. IsdC contains a C-terminal NPQTN SrtB recognition 
motif instead of the SrtA recognition motifs LPxTG or LPxAG [328]. The different 
substrate specificities of SrtA and SrtB relate to differences in their substrate 
binding pockets [329]. Staphylococcal SrtA is highly resistant to oxidative 
inhibition, both in vitro and in vivo. Therefore, SrtA can resist the extreme 
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conditions encountered in the phagosome, which may contribute to intracellular 
survival of S. aureus inside phagocytes [330].  
For many years S. aureus was considered to be an extracellular pathogen. 
However, recent reports have shown that this organism can also survive 
intracellularly [62,65,66]. For example, it was reported that S. aureus can survive 
in endothelial and epithelial cells [59] as well as in osteoblasts [60] thereby 
causing persistent infections, such as endocarditis [61], and osteomyelitis. 
Furthermore S. aureus redirects from the endosomal pathway to 
autophagosomes. In this way S. aureus-induced autophagy is required for 
staphylococcal replication, subsequent escape from autophagosomes into the 
cytoplasm, and eventually S. aureus-induced host cell death [64]. Moreover, it is 
now known that professional phagocytes provide a beneficial environment for 
intracellular survival of S. aureus. Consistent with this notion, recent studies have 
revealed that S. aureus is highly resistant to neutrophil- and macrophage-
mediated killing [65,66]. 
Protein secretion by S. aureus has been studied in substantial detail 
through experiments involving in vitro cultivation, and the effects of mutations in 
secretion machinery components on staphylococcal virulence have been assessed 
in animal experiments. However, the actual protein secretion process has thus far 
not been directly monitored in vivo due to the lack of appropriate assays. One 
way of approaching this challenge is to study protein secretion by S. aureus cells 
upon their internalization by phagocytic cells, which was the objective of the 
present studies. For this purpose, we used a β-lactamase activity assay that allows 
the detection of staphylococcal penicillinase secretion inside mouse 
macrophages. Using this assay, we assessed the intracellular penicillinase 
secretion potential of a collection of S. aureus mutant strains lacking various 
secretion machinery components.   
Results and Discussions 
To monitor penicillinase secretion by S. aureus cells that have been internalized by 
mouse macrophages, we made use of the coumarin cephalosporin fluorescein dye 
(CCF2-AM). Upon cleavage of the β-lactam ring of CCF2-AM by penicillinase, this 
dye no longer exhibits fluorescence resonance energy transfer (FRET), resulting in 
a shift in the emission spectrum from green to blue. Infected macrophages can be 
loaded with CCF2-AM and cleavage of this dye can then be monitored through 
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fluorescence microscopy [331,332]. Accordingly, blue macrophages would be 
indicative for the secretion of active penicillinase by internalized cells of S. aureus. 
Indeed, when J774 mouse macrophages were incubated for 24 h with the 
penicillinase-producing MRSA strain E91 at a multiplicity of infection (MOI) of 
1:50, we observed a significant number of blue cells upon loading with CCF2-AM. 
In contrast, CCF2-AM-loaded macrophages that had not been incubated with S. 
aureus remained green under the tested conditions (Fig. 1, top panels). This 
showed that the CCF2-AM assay for the detection of β-lactamase activity also 
works for penicillinase secretion studies with S. aureus.  
To investigate the role of different secretion machinery components in 
intracellular penicillinase secretion, S. aureus strain SH1000 and 13 mutant 
derivatives of this strain lacking individual genes for particular secretion 
machinery components were transduced with plasmid pE91 from strain E91 as 
this plamid carries a highly expressed gene for a secreted penicillinase. Next, we 
incubated J774 mouse macrophages with the different pE91-containing S. aureus 
strains at a multiplicity of infection (MOI) of 1:50. Upon 24 h incubation, the 
macrophages were loaded with CCF2-AM and the numbers of blue cells were 
determined. As anticipated, penicillinase secretion by the internalized parental 
strain S. aureus SH1000 carrying pE91 resulted in the appearance of blue 
macrophages, whereas no blue macrophages were observed upon incubation 
with the S. aureus SH1000 strain that lacked pE91 (Fig. 1). However, the number 
of blue macrophages observed upon incubation with the SH1000 strain carrying 
pE91 was relatively low (~2%) compared to the number of blue macrophages 
observed upon incubation with the penicillinase-producing E91 strain. The reason 
for this difference is presently not clear, but it may relate to differences in the 
levels of penicillinase production. However, since we were unable to delete the 
genes for secretion machinery components from the E91 strain for technical 
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Figure 1. Secretion of penicillinase into J774 macrophages by different strains of  S. aureus. 
The secretion of an active penicillinase by wild-type S. aureus or 13 mutant S. aureus strains with 
different protein secretion defects was assessed by fluorescence microscopy. For this purpose, 
the infected macrophages were loaded with CCF2-AM. Cells in which intracellular secretion of 
penicillinase has occurred appear blue.
SH 1000 wt SH 1000 wt pE91 
SH 1000 cidA  pE91
SH 1000 lspA  pE91 SH 1000 secG  pE91
SH 1000 secY2  pE91 SH 1000 spsA  pE91
SH 1000 srtA  pE91
E91 strain, control uninfected cells 
SH 1000 srtB  pE91 SH 1000 tatAC  pE91
SH 1000 secGY2  pE91
SH 1000 mscL  pE91
SH 1000 dsbA  pE91 SH 1000 lgt  pE91
SH 1000 wt,pE91,agr- 
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In previous studies we had observed that spontaneous agr mutant 
derivatives emerge from the SH1000 strain at a relatively high frequency [333]. To 
rule out any effects of potentially emerging agr mutants, we also tested the 
penicillinase secretion assay with an agr mutant derivative of strain SH1000 
carrying pE91, but there was no significant difference with the agr proficient 
strain detectable (Figs. 1 and 2). Next, we tested intramacrophage penicillinase 
secretion by mutants lacking particular genes implicated in protein secretion. 
Compared to the parental strain SH1000, the strains lacking the cidA, lspA, secG, 
secY2, spsA, srtA, srtB or tatAC genes showed no significant difference in the 
generation of blue macrophages, suggesting that, upon internalization, they 
secreted penicillinase to the same extent as the parental strain. This finding also 
implies that there were no major differences in the intracellular survival of these 
mutant strains under the tested conditions. However when mouse macrophages 
were incubated with Δlgt, ΔdsbA, ΔmscL or ΔsecGΔsecY2 mutant S. aureus, we 
observed significantly more blue macrophages (~8%, ~10%, ~6% and ~35% 
respectively) than when macrophages were incubated with the parental strain 
(Figs 1 and 2). The staphylococcal diacyl-glyceryl transferase Lgt recognizes the 
lipobox of lipoprotein precursors and catalyzes the diacyl-glyceryl modification of 
the Cys residue in the lipobox. This enzyme is therefore required for binding of 
mature lipoproteins to the membrane. Furthermore, the non-modified 
lipoproteins of bacteria that lack Lgt are often poorly retained in the cell 
envelope, which leads to their accumulation in the growth medium (Tjalsma et al., 
2004, MMBR). Therefore the observed increase in the secretion of penicillinase by 
the Δlgt mutant suggested that the investigated staphylococcal penicillinase 
specified by pE91 might be a lipoprotein. To answer this question, we sequenced 
pE91, which revealed that the encoded penicillinase is indeed a lipoprotein with 
the lipobox core sequence -3L-S-A-C+1 and conserved adjacent residues (Fig. 3). By 
analogy to previous observations on lgt mutant cells grown in broth [73,334], we 
conclude that the enhanced frequency of blue macrophages upon infection with 
the Δlgt mutant S. aureus cells is due to the enhanced release of penicillinase into 
CCF2-AM-loaded macrophages. Notably, Lgt was also shown to be important for 
the recognition of S. aureus by the host and for virulence [72,73,316,319]. 
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Figure 2. Quantification of  penicllinase translocation into J774 macrophages by different strains of 
S. aureus. Cells from six independent random microscope fields were counted. The percentage of blue 
cells (A) and the total number of macrophages was calculated (B). The results shown represent the mean 
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  In these studies, lgt-deficient S. aureus cells did not induce host cell 
activation, but escaped immune recognition and caused lethal infections in mice. 
Interestingly, these observations could also explain the increased number of blue 
macrophages that were observed upon infection with the Δlgt mutant cells. In this 
case, the bacterial cells lacking lipid-modified lipoproteins would not be properly 
recognized by the host receptors and would therefore not trigger host 
inflammatory responses. Accordingly, the killing of internalized lgt-deficient cells 
might be less effective than the killing of lgt-proficient cells. This would result in 
increased intracellular survival of Δlgt mutant S. aureus cells and, accordingly, the 
amounts of released active non-modified penicillinase would be increased.  





Increased numbers of blue macrophages were also observed when 
macrophages were incubated with dsbA-deficient S. aureus (Fig. 1 and 2A). DsbA 
is a lipoprotein that can catalyze disulphide bond formation in newly synthetized 
and exported proteins, although substrate proteins for disulphide bond formation 
have not yet been identified in S. aureus [335,336]. Inactivation of the S. aureus 
dsbA gene might however result in the secretion of non-active virulence factors or 
some virulence factors might be less stable due to the lack of disulphide bonds 
resulting in increased sensitivity to proteases. Notably, we did not observe 
increased survival of macrophages with internalized dsbA mutant S. aureus cells 
(Fig. 2B), so if a virulence factor were to be affected by the dsbA mutation, it 
would have to have a role in the survival of internalized S. aureus cells. In turn, 
this would result in higher numbers of blue macrophages. Consistent with this 
idea, it has previously been reported that disulphide bonding plays a critical role 
Figure 3. Amino acid sequence of the penicillinase encoded by plasmid pE91. Sequencing of plasmid 
pE91 revelead that the pE91-encoded penicillinase is a lipoprotein with the lipobox core sequence -3L-S-A-C+1 
and conserved adjacent residues.  
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in the virulence of Gram-negative bacteria [337,338]. Notably, it is also 
conceivable that DsbA catalyzes disulphide bond formation between the cysteine 
residues in the lipoboxes of two penicillinase precursor molecules prior to their 
lipid modification by Lgt. If so, this disulfide bond would preclude the lipid-
modification of the Cys residues in the two lipoboxes as well as separation of the 
signal peptides and the ‘mature proteins’ by the lipoprotein-specific SPase Lsp. In 
this case, deletion of the dsbA gene would result in lipid modification of the non-
disulphide bonded penicillinase precursors and subsequent processing by Lsp. 
However, this would not directly explain the increased levels of blue macrophages 
as observed upon internalization of dsbA mutant cells. Therefore, we consider it 
more likely that internalized dsbA mutant cells are less well recognized and killed 
by the macrophages.  
The internalization of mscL-deficient S. aureus cells also yielded increased 
numbers of blue macrophages (~6%). The mscL gene encodes the ‘large mechano-
sensitive channel’ that opens when the cells build up a high turgor pressure, 
which is the case upon hypo-osmotic shock. It has been reported that under hypo-
osmotic shock conditions, normally cytoplasmic proteins were specifically 
released by mscL-deficient cells in Bacillus subtilis. Thus it seems that MscL 
prevents the release of particular cytoplamic proteins by B. subtilis [339]. 
Moreover MscL plays a critical role in the susceptibility of S. aureus to the 
glycopeptide sublancin 168 especially at low-salt concentrations. Specifically, it 
was shown that S. aureus was able to survive only for a few hours in the presence 
of the sublancin 168-producing B. subtilis strain 168 in LB medium containing 1% 
NaCl. In contrast, co-cultivation of S. aureus with B. subtilis 168 in LB with 5% of 
NaCl did not have any effect on staphylococcal growth. Importantly, co-culturing 
of S. aureus lacking mscL with B. subtilis producing sublancin 168 in LB with 1% 
NaCl did not reveal any growth inhibition of the S. aureus ΔmscL strain. These 
observations demonstrate that the susceptibility of S. aureus to sublancin 168 is 
dependent on the presence of an MscL channel [340]. These findings, together 
with the fact that MscL has not been implicated in lipoprotein release, suggest 
that S. aureus cells lacking MscL are better able to survive the internalization in 
mouse macrophages than MscL-proficient S. aurues cells. For example, mscL 
mutant cells might be more resistant to host defensins, analogous to their 
resistance to sublancin 168. In this case, the hypo-osmotic pressure that is formed 







Figure 3. Amino acid sequence of the penicillinase encoded by plasmid pE91. Sequencing of plasmid pE91 
revelead that the pE91-encoded penicillinase is a lipoprotein with the lipobox core sequence -3L-S-A-C+1 and 
conserved adjacent residues.
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in the virulence of Gram-negative bacteria [337,338]. Notably, it is also 
conceivable that DsbA catalyzes disulphide bond formation between the cysteine 
residues in the lipoboxes of two penicillinase precursor molecules prior to their 
lipid modification by Lgt. If so, this disulfide bond would preclude the lipid-
modification of the Cys residues in the two lipoboxes as well as separation of the 
signal peptides and the ‘mature proteins’ by the lipoprotein-specific SPase Lsp. In 
this case, deletion of the dsbA gene would result in lipid modification of the non-
disulphide bonded penicillinase precursors and subsequent processing by Lsp. 
However, this would not directly explain the increased levels of blue macrophages 
as observed upon internalization of dsbA mutant cells. Therefore, we consider it 
more likely that internalized dsbA mutant cells are less well recognized and killed 
by the macrophages.  
The internalization of mscL-deficient S. aureus cells also yielded increased 
numbers of blue macrophages (~6%). The mscL gene encodes the ‘large mechano-
sensitive channel’ that opens when the cells build up a high turgor pressure, 
which is the case upon hypo-osmotic shock. It has been reported that under hypo-
osmotic shock conditions, normally cytoplasmic proteins were specifically 
released by mscL-deficient cells in Bacillus subtilis. Thus it seems that MscL 
prevents the release of particular cytoplamic proteins by B. subtilis [339]. 
Moreover MscL plays a critical role in the susceptibility of S. aureus to the 
glycopeptide sublancin 168 especially at low-salt concentrations. Specifically, it 
was shown that S. aureus was able to survive only for a few hours in the presence 
of the sublancin 168-producing B. subtilis strain 168 in LB medium containing 1% 
NaCl. In contrast, co-cultivation of S. aureus with B. subtilis 168 in LB with 5% of 
NaCl did not have any effect on staphylococcal growth. Importantly, co-culturing 
of S. aureus lacking mscL with B. subtilis producing sublancin 168 in LB with 1% 
NaCl did not reveal any growth inhibition of the S. aureus ΔmscL strain. These 
observations demonstrate that the susceptibility of S. aureus to sublancin 168 is 
dependent on the presence of an MscL channel [340]. These findings, together 
with the fact that MscL has not been implicated in lipoprotein release, suggest 
that S. aureus cells lacking MscL are better able to survive the internalization in 
mouse macrophages than MscL-proficient S. aurues cells. For example, mscL 
mutant cells might be more resistant to host defensins, analogous to their 
resistance to sublancin 168. In this case, the hypo-osmotic pressure that is formed 
in phagocytes might open the MscL channel, allowing phagosomal antimicrobial 
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peptides to enter the bacterial cells and to kill them. S. aureus cells lacking MscL 
channels would then be less susceptible to antimicrobial peptides, which would 
increase their survival [341,342]. 
Our results have also revealed increased numbers (~35%) of blue mouse 
macrophages upon incubation with the S. aureus ΔsecGΔsecY2 double mutant. 
Interestingly, the percentage of blue cells incubated with the positive control 
strain S. aureus E91 was substantially lower (~25%; Figs. 1 and 2).  SecG and SecY2 
are components of the Sec machinery [343,344]. SecA binds and hydrolyzes ATP, 
and pushes the preproteins through the SecYEG channel. It has been shown for S. 
aureus, that both SecA and SecE and SecY are essential for growth and viability 
[345]. In addition, S aureus has also a second set of secA and secY genes in its 
genome, referred to as secA2 and secY2. Recent studies of Sibbald et. al have 
shown that secG and secY2 are not essential for the growth and viability of S. 
aureus when cultivated in broth. Nevertheless, the absence of secG caused a 
serious decrease in the amounts of the cell wall-bound Sbi protein. In contrast, 
secG secY2 double mutant cells secreted increased amounts of certain cell wall 
proteins, namely staphylococcal protein A (Spa), the peptidoglycan hydrolase 
LytM, the immunodominant staphylococcal antigen (Isa), and staphylococcal 
secretory antigen A (SsaA). Conversely, reduced amounts of  proteins  without 
retention signals were secreted by the ΔsecGΔsecY2 double mutant [293]. 
Staphylococcal protein A (SpA), is a protein that is covalently anchored to the cell 
wall of S. aureus and that has the ability to interact with human IgG in a non-
antigen specific manner [346]. Recent studies have shown that the expression of 
SpA on the bacterial cell surface makes the bacterium less susceptible to 
phagocytosis by human neutrophils in the presence of human serum, possibly as a 
result of the IgG Fc binding property of SpA [347,348]. Moreover, SpA was shown 
to contribute to a more severe disease outcome with respect to both arthritis and 
septic death in S. aureus-infected mice [42]. While peptidoglycan hydrolases like 
LytM play important roles in growth, turnover, and cell lysis, a direct role of LytM 
in S. aureus virulence is still unknown [349]. The results of Sibbald et. al have also 
revealed increased amounts of  IsaA and SsaA in the medium of ΔsecGΔsecY2 
deficient S. aureus strains, but also for these proteins the function in 
staphylococcal virulence is not clear and has yet to be determined. Nevertheless 
Isa and SsaA have been reported  to play a role  in eliciting an immune responses 
during sepsis and endocarditis [350,351]. Possibly, the balance between increased 
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secretion of SpA, LytM, IsaA and SsaA and reduced secretion of other proteins is 
favorable for survival inside macrophages, which would explain why we observed 
higher numbers of blue macrophages upon infection with secG secY2 double 
mutant cells.  
In conclusion, the present studies have addressed the roles of different 
protein secretion pathways and their individual components in the intra-
macrophage survival of S. aureus and the secretion of active penicillinase by this 
organism. Increased numbers of macrophages displaying intracellular penicillinase 
activity were observed upon incubation with S. aureus cells lacking Lgt, DsbA, 
MscL or the Sec pathway components SecG and SecY2. While these phenotypes 
are very clear, it is presently not possible to distinguish unambiguously between 
effects that are caused by increased intracellular penicillinase secretion and 
effects on the intracellular persistence of S. aureus. To make this distinction, 
future studies will address the effects of lgt, dsbA, mscL and secG/secY2 mutations 




Figure 4.  (A) Schematic circular diagram of the reference plasmid pSAP064A (outer circular diagram). Known CDSs 
are annotated and colored. Hypothetical proteins are represented by light blue blocks.  The inner concentric red 
circle represents  FASTA best matches shared between the reference plasmid and data obtained from plasmid 
sequencing of strain E91. (B) The hypothetical structure of the sequenced plasmid from strain E91 is shown by 
a  schematic circular diagram. The outer circular diagram represents annotated CDSs also marked with different 
colors. Open reading frames of unknown function are indicated by light blue. The inner  circular diagram represents 
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Materials and Methods 
Bacterial strains, phages and plasmids.  
All strains used in this study are listed in Table 1. S. aureus strains were grown at 
37°C in tryptic soy broth (TSB), under vigorous shaking, or on trypic soy agar (TSA) 
plates or B plates. The phage φ53 and its propagating S. aureus strain (PS strain) 
were obtained from Prof. V. Hajek (Palacky University, Olomouc, Czech Republic). 
S. aureus ISP8  was obtained from Prof. P. A. Pattee (Iowa State University, Ames). 
The phage φ53 was propagated as described by Blair et al.  [352]. The strain ISP8 
(pE91) was generated by transduction of strain ISP8 with the penicillinase plasmid 
pE91 using a φ53 lysate derived from the MRSA strain E91 (pE91) (Prof. J. Doskar, 
Masaryk University, Brno, Czech Republic). The mutated variants of strain SH1000 
carrying the penicillinase plasmid pE91 were obtained through transduction with 
φ53 and strain ISP8 (pE91) as the plasmid donor. Transduction experiments were 
performed at a multiplicity of infection between 0.1 and 1.0 essentially as 
described by Lindsay et al. [353]. Selective plating media were made by adding 
1.5% agar to broth along with cadmium nitrate to a final concentration of  
2.5 10-4 M.  
Construction of S. aureus mutant strains.  
Mutants of S. aureus were constructed using the temperature-sensitive plasmid 
pMAD [354] and previously described procedures [340,355].   
Invasion and penicilinase translocation assay 
For invasion experiments, the S. aureus strains listed in Table 1 were grown 
overnight at 37 °C in 10 mL of trypticase soy broth (TSB) under vigorous shaking. 
The overnight cultures were then diluted to an initial optical density at 600 nm 
(OD600) of 0.08 in 15 mL of TSB and grown at 37°C to an OD600 of 0.8, which 
corresponds to ~2.5 × 108 colony forming units (CFU). Bacteria were washed three 
times in TSB and resuspended in TSB. Next, the bacteria were added to previously 
seeded 1x105  J774.A1 mouse macrophages in 24-well plates at a multiplicity of 
infection (MOI) of 1:50 (37°C, 5% CO2). After 1 h, DMEM medium with non-
internalized bacteria was removed, the macrophages were washed three times in 
PBS, and fresh DMEM medium supplemented with 2 mM glutamine, 10% heat 
inactivated FCS and 100 μg/mL gentamicin was added. Macrophages with 
internalized bacteria were incubated for another 23 h. After 24 hours in total,  
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the macrophages were washed once with Hank’s balanced salt solution 
(Invitrogen) and loaded with a solution sontaining the fluorescent substrate  
CCF2-AM [332] at a final concentration of 1mM for 1,5 h at room temperature 
using the standard loading protocol recommended by the manufacturer 
(Invitrogen). Fluorescent microscopic analyses were performed using an Axiovert 
M200 microscope (Carl Zeiss, Germany) equipped with a CCF2 filter set (Chroma 
Technology, Brattleboro, VT, USA). Fluorescence micrographs were captured using 
a Zeiss Axiocam MRC5 and Zeiss AxioVision 4.5 software, as previously described 
by de Jong et al [356]. 
Sequencing of plasmid pE91  
Plasmid pE91, which directs high-level secretion of a staphylococcal penicillinase, 
was derived from the clinical MRSA strain E91 isolated in Czech Republic. Plasmid 
DNA was isolated using the Invitek plasmid isolation kit after a  30-min prelysis 
step with lysostaphin (5 U/μl) (AMBI PRODUCTS) in kit solution A. The purified 
plasmid DNA was then sequenced with a Hiseq 2000 instrument (Illumina) at the 
Genome Analysis Facility of the Department of Genetics at the University Medical 
Centre Groningen. The obtained sequences were analyzed using the CLC-
workbench software (CLC-bio) and assembled into contigs. These were compared 
to nucleoted sequences in the database of the National Center for Biotechnology 
Information (NCBI) (http://www.ncbi.nlm.nih.gov/sites/entrez) using the BLAST 
tool. Gaps between the contigs were not closed. 
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Table 1 Strains used in the assay for intra-macrophage penicilinase secretion 
E91  mecA, CadAD, blaZ, methicillin resistant, Cd 
resistant, penicillinase production, spa type 
t051, MLST type ST247 
Clinical MRSA strain, 
This work 
ISP8 (pE91) CadAD, blaZ, methicillin resistant, Cd 
resistant, penicillinase production, donor 
strain for transduction experiments 
[355] 
SH1000 pE91 rsbU+ derivative of 8325-4 (rsbU+, agr+), 
CadAD, penicillinase production 
[357], this work 
SH1000 ΔcidA::kan 
pE91 
cidA, KanR, CadAD, penicillinase production [355], this work 
SH1000 ΔdsbA pE91 dsbA, CadAD, penicillinase production [355], this work 
SH1000 Δlgt pE91 lgt, CadAD, penicillinase production [355], this work 
SH1000 ΔlrgA::kan 
pE91 
lrgA, KmR, CadAD, penicillinase production [355], this work 
SH1000 ΔlspA pE91 lspA, CadAD, penicillinase production [355], this work 
SH1000 ΔmscL pE91 mscL, CadAD, penicillinase production [340,355], this work 
SH1000 ΔprsA  pE91 prsA, CadAD, penicillinase production [355], this work 
SH1000 ΔsecG pE91 secG, CadAD, penicillinase production [293,355], this work 
SH1000 ΔsecY2 pE91 secY2, CadAD, penicillinase production [293,355], this work 
SH1000 ΔsecGY2 
pE91 
secGY2, CadAD, penicillinase production [293,355], this work 
SH1000 ΔspsA pE91 spsA, CadAD, penicillinase production [355], this work 
SH1000 ΔsrtA pE91 srtA, CadAD, penicillinase production [355], this work 
SH1000 ΔsrtBpE91 srtB, CadAD, penicillinase production [355], this work 
SH1000 ΔtatAC pE91 tatA tatC, CadAD, penicillinase production [355], this work 
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Staphylococcus aureus is one of the most common and versatile human 
pathogens, responsible for a wide range of infectious diseases that can vary in 
severity from very mild to deadly. Although 30% of the human population is 
colonized with S. aureus on the skin, upper respiratory tract and gastrointestinal 
tract without any symptoms, in some individuals this bacterium does cause 
serious invasive infections. S. aureus can be such a successful pathogen, because 
it secretes an arsenal of virulence factors that are expressed when needed during 
different stages of growth and under different conditions. These include surface 
proteins assisting in host colonization, invasins and proteases that promote 
bacterial spreading, surface factors such as the protein A that inhibits phagocytic 
engulfment, and toxins that damage host cell membranes. Notably, recent reports 
have focused attention on a eukaryotic-like serine/threonine kinase of S. aureus 
named PknB, which is involved in bacterial metabolism and cell wall synthesis. 
However, the role that PknB plays in staphylococcal pathogenesis had not been 
clarified when the studies described in this thesis were initiated. Since eukaryotic-
like serine/threonine kinases have been implicated in the virulence of various 
other bacterial pathogens, it was decided to investigate the role of PknB in the 
interactions between S. aureus and host immune cells. 
Pathogenic micro-organisms are first recognized by cells of the immune 
system through pattern-recognition receptors (PRRs), such as the Toll-like 
receptors (TLRs) or the NOD receptors. Most bacterial structures are recognized 
by more than one receptor and these receptors can also interact with each other. 
Therefore, the activation of various receptors leads to the activation of a complex 
network of signaling pathways due to cross-talk between the activated receptors 
and various downstream signaling molecules. In Chapter 2 the complex 
interactions between S. aureus and human macrophages were deciphered, and a 
general overview of interactions between these host cells and S. aureus proteins 
is presented. Using kinase profiling, it was shown that the responses of 
macrophages to S. aureus are mediated by a number of receptors, including the 
G-protein coupled receptor, receptor tyrosine kinases, the scavenger receptor 36 
and integrins. At the same time, the results challenge the classical concept that 
the inflammatory response is activated mainly through Toll-like receptor 2 and 
NF-κB signaling. Moreover, the results also show that stress-activated MAP 
kinases, JNK in particular, play important roles in orchestrating the host defence 
during S. aureus infection. To investigate possible interactions between S. aureus 
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and the human macrophages a proteomics approach was employed.  By means of 
gel-free proteomic analyses on non-phagocytosed S. aureus, a number S. aureus-
bound macrophage heat shock proteins, antimicrobial histones, enolase and other 
proteins were identified. Some of these proteins are components of extracellular 
traps, which are formed by phagocytes after stimulation with mitogens, cytokines 
or pathogens. The proteomic analyses also revealed that after 1h of incubation 
with human THP-1 macrophages, S. aureus mounts a “stringent response” due to 
nutritional stress. The “stringent response” is characterized by a strong decrease 
of proteins involved in translation and a concomitant increase of proteins 
responsible for cell metabolism. The results also revealed activation of the σB-
dependent general stress response as reflected by elevated levels of the RsbV and 
RsbW proteins and subunits of the ATP-dependent Clp protease. Interestingly the 
proteomics data also show that S. aureus cells grown in the presence of THP-1 
macrophages produce the staphylococcal serine/threonine kinase PknB, whereas 
this protein was not detectable in bacterial cells incubated without THP-1 cells.  
While it has been previously shown that staphylococcal Pknb is involved in 
S. aureus cell wall metabolism and antibiotic resistance, no studies had been done 
to investigate the properties of staphylococcal PknB with respect to its ability to 
phosphorylate human proteins. Therefore the same peptide microarrays that 
were used in Chapter 2 were also used to define the specificity of purified PknB. 
This was a relevant approach, because full-size PknB was detectable in the growth 
medium of S. aureus cells, suggesting that PknB might be able to interact with 
targets in host immune cells especially upon internalization of S. aureus  through 
phagocytosis. The results of this analysis are documented in Chapter 3, where 
purified PknB was used for kinase profiling instead of macrophage lysates. The 
results show that PknB can indeed recognize and phosphorylate known substrates 
of human serine/threonine kinases. In addition, it is shown that  proline is a part 
of the PknB recognition and target sequence. This links PknB to the family of 
proline-directed kinases, which includes cyclin-dependent protein kinases, 
glycogen synthase kinase -3 and mitogen-activated protein kinases (MAP kinases). 
The studies described in Chapter 3 thus suggest that active PknB released from 
invasive S. aureus cells may target signal transduction mechanisms for host cell 
subversion. Therefore, the role of S. aureus PknB in the infection of human 
peripheral blood mononuclear cells (PBMCs) and THP-1 macrophages was studied 
using enzyme-linked immune sorbent assays (ELISA) and kinase profiling.  
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The results presented in Chapter 4 show that infection of human PBMCs with S. 
aureus lacking pknB results in reduced secretion of inflammatory mediators,  such 
as interleukin 1β (IL-1β), interleukin 6 (IL-6), interleukin 8 (IL-8), interleukin 10 (IL-
10), and tumor necrosis factor α (TNF-α). To further investigate whether reduced 
cytokine production can be correlated with reduced activity of host kinases, the 
kinase profiling assay was employed. The results of kinase profiling show a 
reduced activity of important pro-inflammatory kinases, such as the Bruton’s 
tyrosine kinase, Focal adhesion kinase and Src-family kinases. Additionally, the 
results presented in Chapter 4 demonstrate that the staphylococcal phage 13 
limits the intensity of macrophage signal transduction responses to pknB mutant 
S. aureus. Notably, this phage carries the genes for CHIPS (Chemotaxis Inhibiting 
Protein of S. aureus), SCIN (Staphylococcal complement inhibitor) and 
staphylokinase. In Chapter 4, three possible scenarios are presented to explain the 
observed reduced amounts of inflammatory mediators and the downregulation of 
tyrosine kinases in PBMCs and macrophages incubated with S. aureus lacking 
pknB. In the first place, secreted PknB from internalized S. aureus cells might 
recognize and phosphorylate certain host proteins (see Chapter 3), thereby 
directly impacting on the tyrosine kinase signaling. However, the results described 
in Chapter 3 do not indicate that PknB can recognize any of the tyrosine kinases 
targets. This would suggest that secreted PknB can only indirectly impact on 
tyrosine kinase signalling. Notably, PknB was shown to be a proline-directed 
serine/threonine kinase with similar activity as the eukaryotic MAP kinases 
(Chapter 3). Furthermore, the results showed that PknB can recognize and 
phosphorylate the Activating transcription factor-2, the target of MAP kinases 
(Chapter 3). However verifying in vivo whether this actually happens upon 
internalization of S. aureus will be very difficult, especially since ATF-2 is massively 
phosphorylated by MAP kinases. It will therefore remain a major challenge to 
distinguish between the phosphorylation mediated by MAP kinases and PknB. The 
same applies for the phosphorylation of other proteins, which were shown in 
kinase profiling to be recognized by the staphylococcal PknB. A second 
explanation for the reduced inflammatory responses towards S. aureus pknB 
mutant cells, is the reduced activity of PknB-regulated autolysins and reduced cell 
turnover of S. aureus lacking an intact pknB gene. Therefore, one can speculate 
that reduced cell wall turnover in the pknB mutant bacteria results in the release 
of lower amounts of peptidoglycan from the bacterial cells. In turn, this might 
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affect the recognition of bacterial peptidoglycan or whole bacteria by the THP-1 
macrophages and PBMCs. A third reason for the reduced responses of human 
cells to pknB mutant S. aureus might be the possible structural change(s) in 
peptidoglycan due to the absence of PknB, which could affect certain 
peptidoglycan-lipoteichoic acid interactions. These interactions are responsible 
for the synergism and proper S. aureus recognition that leads to the onset of 
inflammatory responses. To conclude, the present data clearly show that S. 
aureus requires PknB to provoke strong inflammatory responses. Therefore, 
specific PknB inhibitors that are yet to be developed may find future applications 
in combating the fulminant pathology of S. aureus infections.  
A major question that remained to be answered concerned the role of 
PknB in the intracellular survival of S. aureus upon phagocytosis. In Chapter 5 the 
secretion of a penicillinase by S. aureus cells was investigated upon their 
internalization by mouse macrophages. For this purpose, a β-lactamase activity 
assay was employed that allows the detection of staphylococcal penicillinase 
secretion inside macrophages by fluorescence microscopy. Using this assay, the 
role of different secretion machinery components and PknB was investigated in 
intracellular penicillinase secretion and S. aureus survival (Fig. 1 and Fig. 2; not 
shown in Chapter 5 and ). The results show that mutant cells lacking the lgt, dsbA, 
mscL or secG and secY2 genes yielded more macrophages with penicillinase 
activity than the parental strain. This suggests that the absence of the diacyl-
glyceryl transferase Lgt, the thiol-disulphide oxidoreductase DsbA, the 
mechanosensitive channel MscL, or the SecG and SecY2 translocation channel 
components results in improved intracellular survival of the mutant cells, in 
elevated levels of penicillinase release into the macrophages, or both. 
Importantly, the absence of PknB did not detectably influence the penicillinase 
activity observed in macrophages (Fig. 1), which implies that the survival of pknB 
mutant S. aureus cells inside mouse macrophages was not affected. Taken 
together, the present studies provide first insights into the complex network of 
signaling reactions that unfold when pathogenic S. aureus and host immune cells 





Figure 1. Quantification of  penicillinase translocation into J774 macrophages by different strains of 
S. aureus. Cells from six independent random microscope fields were counted. The percentage of blue 
cells (A) and the total number of macrophages was calculated (B). The results shown represent the mean 
± SD of six microscope fields.
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Figure 2. Secretion of penicillinase into 
J774 macrophages by different strains 
of  S. aureus. The secretion of an active 
penicillinase by wild-type S. aureus or 
mutant S. aureus strains with different 
protein secretion defects was assessed 
by fluorescence microscopy. For this 
purpose, the infected macrophages 
were loaded with CCF2-AM. Cells 
in which intracellular secretion of 
penicillinase has occurred appear blue.
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Staphylococcus aureus is een van de meest voorkomende en veelzijdige 
menselijke ziekteverwekkers. Deze bacterie is verantwoordelijk voor een breed 
spectrum van besmettelijke ziekten, die in ernst variëren van zeer mild tot 
dodelijk. Ongeveer 30% van de menselijke bevolking is asymptomatisch 
gekoloniseerd met S. aureus, met name op de huid, in de bovenste luchtwegen en 
in de darmen. Bij sommige individuen veroorzaakt deze bacterie echter ernstige 
invasieve infecties en dit is de reden waarom S. aureus zo berucht is als 
ziekteverwekker. 
S. aureus is een 'succesvolle' ziekteverwekker door het uitscheiden van 
een groot arsenaal aan virulentiefactoren, die de bacterie kan aangemaken als de 
omstandigheden hiertoe aanleiding geven. Sommige uitgescheiden 
virulentiefactoren blijven aan het celoppervlak hangen. Deze oppervlakte-eiwitten 
helpen de bacterie bij de gastheerkolonisatie. Andere virulentiefactoren, zoals 
invasines en proteases, zorgen voor de verspreiding van de bacterie in de 
gastheer. Meerdere toxines kunnen gastheercellen beschadigen, waardoor de 
natuurlijk barrieres tegen infectie doorbroken worden. Recent onderzoek heeft 
extra aandacht gevestigd op een serine/threonine kinase van S. aureus, PknB 
genaamd. PknB is een enzym dat andere eiwitten kan fosforyleren en dergelijke 
enzymen staan bekend als kinases. PknB is met name opgevallen doordat het 
sterk lijkt op soortgelijke kinases van eukaryote organismen waaronder de mens. 
In S. aureus blijkt PknB betrokken te zijn bij het bacteriële metabolisme en de 
celwandsynthese. De rol die PknB speelt in de pathogenese van S. aureus was nog 
niet opgehelderd toen de studies beschreven in dit proefschrift gestart werden. 
Aangezien PknB behoort tot een serine/ threonine kinase-type, dat betrokken is 
bij de virulentie van verschillende andere bacteriële ziekteverwekkers zoals 
bijvoorbeeld Yersinia pestis - de veroorzaker van de pest - werd besloten om de 
rol van PknB in de interacties tussen S. aureus en immuuncellen van de gastheer 
nader te onderzoeken. 
Pathogene micro-organismen worden in eerste instantie herkend door 
cellen van het immuunsysteem met behulp van zogenaamde patroonherken-
ningsreceptoren (PRRS), zoals de Toll-like receptoren (TLR's) en de Nod-
receptoren. De meeste bacteriën worden herkend door meer dan één receptor en 
deze receptoren kunnen bovendien ook nog interacties aangaan met elkaar. 
Hierdoor leidt de activatie van dergelijke receptoren tot de activatie van een 
complex netwerk van signaaloverdrachtsreacties, waarbij ook nog communicatie 
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optreedt tussen de verschillende geactiveerde 'stroomafwaarts'-gelegen 
signaalmoleculen. In hoofdstuk 2 is de ontrafeling van het netwerk van complexe 
interacties tussen S. aureus en menselijke macrofagen beschreven. Op basis van 
de resultaten wordt een algemeen overzicht van de interacties tussen deze 
gastheercellen en S. aureus gepresenteerd. 
Met behulp van de 'kinase profiling' techniek, die gebruik maakt van 
peptide microarrays, is zichtbaar gemaakt dat de reacties van macrofagen op de 
aanwezigheid van S. aureus worden gemedieerd door meerdere receptoren, 
waaronder de zogenaamde G-protein coupled receptor, receptor tyrosine kinases, 
de scavenger receptor 36 en integrines. Deze resultaten stellen het klassieke 
concept, dat bacteriële ontstekingsreacties in hoofdzaak worden geactiveerd door 
middel van Toll-like receptor 2 en NF-kB-signalering ter discussie. Bovendien laten 
de resultaten ook zien, dat zogenaamde Mitogen-activated protein kinases, JNK in 
het bijzonder, een belangrijke rol spelen in het orkestreren van de afweer bij een 
S. aureus-infectie. Om te onderzoeken hoe mogelijke interacties tussen S. aureus 
en de humane macrofagen plaatsvinden werd voor een proteomics benadering 
gekozen. Door middel van gel-vrije proteoom analyses op niet-gefagocyteerd S. 
aureus cellen werd een aantal S. aureus-gebonden eiwitten geïdentificeerd, die 
van de macrofagen afkomstig zijn. Deze omvatten heat shock eiwitten, 
antimicrobiële histonen, enolase en diverse andere eiwitten. Sommige van deze 
eiwitten zijn onderdelen van 'extracellulaire vallen', die worden gevormd door 
fagocyten na stimulatering met mitogenen, cytokines of de ziekteverwekkers zelf. 
De proteomics analyses lieten ook zien, dat S. aureus na 1 uur van incubatie met 
menselijke macrofagen een stress reactie vertoont, die typerend is voor condities 
van voedsel-limitatie. Deze 'stringent response' wordt onder andere gekenmerkt 
door een sterke afname van eiwitten die betrokken zijn bij de eiwitsynthese en 
een gelijktijdige verhoging van de eiwitten die verantwoordelijk zijn voor de 
celstofwisseling. De resultaten lieten ook een zogenaamde σB-afhankelijke 
algemene stress reactie in de S. aureus cellen zien, zoals weerspiegeld door 
verhoogde concentraties van de RsbV en RsbW eiwitten en subeenheden van de 
ATP-afhankelijke Clp protease. Interessant is dat de proteomics data ook 
aantonen dat S. aureus cellen, gekweekt in de aanwezigheid van macrofagen, de 
serine/threonine kinase PknB produceerden, terwijl dit eiwit is niet detecteerbaar 
was in S. aureus cellen die geïncubeerd werden zonder macrofagen. 
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Hoewel eerder is aangetoond dat Pknb betrokken is bij het 
celwandmetabolisme van S. aureus en de resistentie tegen antibiotica, was nog 
niet eerder onderzocht of PknB menselijke eiwitten kan fosforyleren. Daarom 
werden dezelfde peptide microarrays, die in hoofdstuk 2 ook gebruikt zijn voor 
kinase profiling, nu ook gebruikt om de specificiteit van gezuiverd PknB 
definiëren. Dit was een relevante benadering, omdat full-size PknB aanwezig blijkt 
te zijn in het groeimedium van S. aureus cellen. Dit suggereert immers dat PknB 
doeleiwitten in immuuncellen van de gastheer zou kunnen fosforyleren, in het 
bijzonder na de internalisatie van S. aureus door middel van fagocytose. De 
resultaten van deze analyses zijn gedocumenteerd in hoofdstuk 3, waar gezuiverd 
PknB werd gebruikt voor kinase profiling in plaats van de eerder gebruikte lysaten 
van macrofagen. De resultaten tonen aan dat PknB inderdaad bekende substraten 
van menselijke serine/threonine kinases kan herkennen en fosforyleren. 
Bovendien is aangetoond dat proline een onderdeel is van het PknB-
herkenningsmotief. Dit betekent dat PknB behoort tot de familie van proline-
gerichte kinases, die bijvoorbeeld ook de 'cycline-afhankelijke protein kinases', het 
'glycogen synthase kinase-3' en de 'mitogen-activated protein kinases' (MAP 
kinases) omvat. De studies beschreven in hoofdstuk 3 suggereren derhalve dat 
actief PknB kan vrijkomen uit invasieve S. aureus cellen en dat dit enzym kan 
participeren in de subversie van de gastheercel door de signaaltrans-
ductiemechanismen van de gastheer te beïnvloeden. Daarom werd de rol van  
S. aureus PknB in de infectie van humane perifere bloed mononucleaire cellen 
(PBMC's) en macrofagen bestudeerd met behulp van 'enzym-linked immune 
assays' (ELISA) en kinase profiling. De resultaten gepresenteerd in hoofdstuk 4 
laten zien, dat infectie van menselijke PBMCs met S. aureus zonder het pknB gen 
resulteert in een sterk verminderde secretie van ontstekingsmediatoren, zoals 
interleukine 1β (IL-1β), interleukine 6 (IL-6), interleukine 8 (IL-8), interleukine-10 
(IL-10) en tumor necrose factor α (TNF -α). Om verder te onderzoeken of de 
verminderde cytokineproductie kan worden gecorreleerd met een verminderde 
activiteit van gastheerkinasen is opnieuw de kinase profiling assay gebruikt. De 
resultaten van kinase profiling laten zien, dat de aanwezigheid van PknB-
deficiënte S. aureus cellen resulteert in een verminderde activiteit van belangrijke 
pro-inflammatoire kinasen, zoals de Bruton's tyrosine kinase, de Focal adhesion 
kinase en kinases van de Src-familie. Daarnaast laten de resultaten gepresenteerd 
in hoofdstuk 4 zien, dat het bacteriofaag 13 de intensiteit van de 
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van menselijke serine/threonine kinases kan herkennen en fosforyleren. 
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'glycogen synthase kinase-3' en de 'mitogen-activated protein kinases' (MAP 
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participeren in de subversie van de gastheercel door de signaaltrans-
ductiemechanismen van de gastheer te beïnvloeden. Daarom werd de rol van  
S. aureus PknB in de infectie van humane perifere bloed mononucleaire cellen 
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interleukine 1β (IL-1β), interleukine 6 (IL-6), interleukine 8 (IL-8), interleukine-10 
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verminderde cytokineproductie kan worden gecorreleerd met een verminderde 
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resultaten van kinase profiling laten zien, dat de aanwezigheid van PknB-
deficiënte S. aureus cellen resulteert in een verminderde activiteit van belangrijke 
pro-inflammatoire kinasen, zoals de Bruton's tyrosine kinase, de Focal adhesion 
kinase en kinases van de Src-familie. Daarnaast laten de resultaten gepresenteerd 




macrofaagsignaaltransductiereacties op PknB-deficiënte S. aureus cellen sterk 
beperkt. Dit bacteriofaag speelt een belangrijke rol in de verdediging van S. aureus 
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voorgesteld om de waargenomen vermindering in de productie van 
ontstekingsmediatoren door PBMC's en de downregulatie van tyrosine kinases in 
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tussen de fosforylering gemedieerd door MAP-kinases en PknB. Hetzelfde geldt 
voor de fosforylering van andere eiwitten, waarvan via kinase profiling werd 
aangetoond dat PknB ze kan herkennen. Een tweede verklaring voor de 
verminderde ontstekingsreacties tengevolge van PknB-deficiënte S. aureus cellen, 
is de verminderde activiteit van PknB-gereguleerde autolysines en de 
verminderde turnover van de S. aureus cellen. Een verminderde celwand turnover 
zou kunnen resulteren in het vrijkomen van lagere hoeveelheden peptidoglycaan 
van de bacteriën. Op zijn beurt kan dit invloed hebben op de herkenning van het 
bacteriële peptidoglycaan of de gehele bacteriën door macrofagen en PBMC's. 
Een derde reden voor de verminderde respons van immuuncellen op PknB-
defieciënte S. aureus cellen zou een mogelijke structurele verandering in het 
bacteriële peptidoglycaan kunnen zijn, die veroorzaakt wordt door de afwezigheid 
van PknB. Deze verandering zou bijvoorbeeld van invloed kunnen zijn op bepaalde 
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peptidoglycaan-lipoteichoïnezuur interacties welke verantwoordelijk zijn voor de 
juiste herkenning van S. aureus en aanleiding geven tot het ontstaan van 
ontstekingsreacties. Ten slotte blijkt uit de huidige gegevens duidelijk dat S. 
aureus PknB nodig heeft om een sterke ontsteking te provoceren. Daarom is het 
goed voorstelbaar dat specifieke PknB remmers, die nog ontwikkeld moeten 
worden, in de toekomst toepassingen vinden in de bestrijding van de fulminante 
pathologie van S. aureus infecties.  
Een belangrijke resterende vraag betrof de rol van PknB in de 
intracellulaire overleving van S. aureus na fagocytose. In hoofdstuk 5 wordt het 
gebruik van een assay beschreven om de uitscheiding van een penicillinase door S. 
aureus cellen te bestuderen na hun internalisatie in macrofagen van muizen. Voor 
dit doel werd een β-lactamase activiteitstest toegepast, waarmee penicillinase 
secretie door geïnternaliseerde macrofagen via fluorescentiemicroscopie 
bestudeerd kan worden. Met behulp van deze test werd de rol van verschillende 
componenten van de bacteriële eiwitsecretiemachinerie en de secretie van PknB 
onderzocht na opname van S. aureus door de macrofagen. De resultaten laten 
een verhoogde penicillinase activiteit zien in macrofagen, die mutante S. aureus 
cellen hebben opgenomen waarin de diacyl-glyceryl transferase Lgt, de thiol-
disulfide oxidoreductase DsbA, het mechanosensitieve kanaal MscL of de 
eiwittranslocasecomponenten SecG en SecY2 ontbreken. Dit suggereert dat de 
afwezigheid van LGT, DsbA, MscL of SecG/SecY2 resulteert in (i) een verbeterde 
intracellulaire overleving van de mutante S. aureus bacteriën, (ii) in verhoogde 
niveaus van penicillinase secretie door S. aureus in de macrofagen, of (iii) beide. 
Een zeer belangrijke waarneming was, dat de afwezigheid van PknB niet meetbaar 
van invloed was op de penicillinase activiteit, die in de macrofagen waargenomen 
werd. Dit impliceert dat de overleving van PknB-deficiënte S. aureus cellen in 
muizenmacrofagen niet verminderd is ten opzichte van de overleving van PknB-
proficiënte S. aureus cellen. Bij elkaar genomen bieden de in dit proefschrift 
beschreven studies een overzicht van het complexe netwerk van 
signaaltransductiereacties, die zich ontvouwen als de pathogene S. aureus 
bacterie in conflict komt met immuuncellen van de gastheer. 
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Gronkowiec złocisty (łac. Staphylococcus aureus) jest Gram-dodatnią bakterią, 
która należy do najbardziej chorobotwórczych gatunków wśród bakterii 
gronkowca powodujących choroby skóry, zapalenie płuc jak i również zatrucia 
pokarmowe. Gronkowiec złocisty występuje w jamie nosowo-gardłowej oraz na 
skórze ludzi i zwierząt. Szacuje się, że od 10% do 50% populacji ludzkiej stale lub 
okresowo jest nosicielami tych bakterii bez występowania objawów chorobowych. 
Jednak zdarza się, że u osób z osłabioną odpornością zakażenie gronkowcem 
złocistym może prowadzić do wielu powikłań, takich jak zapalenie mięśnia 
sercowego, zapalenie kości czy też posocznicy gronkowcowej.  
Gronkowiec złocisty swoją efektywność w wywoływaniu różnych chorób 
zawdzięcza arsenałowi czynników wirulencji, które są produkowane przez 
gronkowca w różnych warunkach i na różnych etapach rozwoju bakterii. Do 
czynników wirulencji należą białka powierzchniowe pomagające w kolonizacji 
gronkowca, inwazyny i proteazy - białka powodujące rozprzestrzenianie się 
bakterii oraz czynniki powierzchniowe - takie jak białko A (ang. staphylococcal 
protein A, SpA). Białko A odpowiedzialne jest za wiązanie immunoglobuliny IgG 
poprzez region Fc, czym co zapobiega opsonizacji i fagocytozie bakterii. Ponadto, 
gronkowiec produkuje wiele toksyn, które poprzez działanie na błonę komórkową 
zabijają komórki układu immunologicznego.   
Najnowsze badania naukowe coraz częściej koncentrują się na bakte-
ryjnych kinazach serynowo-treoninowych, czyli  białkach odpowiedzialnych za 
wiele procesów życiowych bakterii. Kinazy te biorą one udział w metabolizmie, 
syntezie ściany komórkowej, a także patogenezie. Gronkowiec złocisty podobnie 
jak inne patogeny, również posiada kinazę serynowo-treoninową o nazwie PknB. 
Uważa się, że PknB odgrywa ważną rolę w patogenezie gronkowca złocistego, 
jednak dokładna jej fukcja nie została jeszcze wyjaśniona.  
Celem tej pracy było zbadanie i opisanie interakcji pomiędzy gronkowcem 
złocistym i fagocytami (komórkami żernymi), a także wyjaśnienie  funkcji kinazy 
PknB w patogenezie S. aureus.  
Zanim chorobotwórcze mikroorganizmy zostaną pochłonięte i zabite przez 
komórki układu odpornościowego, są najpierw przez nie rozpoznawane za 
pomocą receptorów. Komórki rozpoznają bakteryjne struktury np. peptydoglikany 
czy lipoproteiny poprzez receptory (PRRS). Do receptorów, które biorą udział  
w rozpoznawaniu bakterii możemy zaliczyć  Toll-like receptory (TLRs), receptory 
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sprzężone z białkami G (GPCR), receptory NOD, czy Fc receptory. Bakteryjne 
struktury mogą być jednak rozpoznane przez więcej niż jeden receptor i dodat-
kowo receptory te mogą również wchodzić w interakcje między sobą. Pobudzenie 
różnych receptorów i ich interakcje prowadzą do aktywacji wielu szlaków 
sygnałowych w komórkach żernych, mających na celu unieszkodliwienie bakterii.    
W rozdziale 2 przedstawione są interakcje pomiędzy gronkowcem  
i ludzkimi makrofagami,  a także ogólny przegląd interakcji pomiędzy komórkami 
ludzkimi i białkami produkowanymi przez gronkowca złocistego. W celu 
rozwikłania tych skomplikowanych interakcji wykorzystane zostały makromacierze 
z peptydami tzw. pepchipy.  Pepchip, to płytka szklana z naniesionymi peptydami 
(ok. 11 amino kwasów), które są rozpoznawane przez kinazy aktywowane podczas 
infekcji gronkowcem. Profilowanie kinaz w rozdziale 2, wykazało, że  S. aureus jest 
rozpoznawany przez wiele receptorów, w tym receptory sprzężone z białkami G 
(GPCR), receptorowe kinazy tyrozynowe, Scavenger receptor 36, i integryny. 
Jednocześnie wyniki kwestionują klasyczną koncepcję, że odpowiedź zapalna 
podczas infekcji S. aureus jest aktywowana głównie przez Toll-like receptor 2  
i sygnalizację poprzez NF-kB. Ponadto wyniki pokazują również, że kinazy 
aktywowane mitogenami (MAP kinazy), w szczególności  kinaza JNK, odgrywają 
ważną rolę w odpowiedzi immunologicznej podczas infekcji gronkowcem 
złocistym. Dodatkowo w celu zbadania wzajemnych oddziaływań pomiędzy  
S. aureus i ludzkimi makrofagami zastosowana została spektrometria masowa, za 
pomocą której zostały zidentyfikowane różne klasy białek ludzkich związanych  
z gronkowcem. Wśród tych białek można wyróżnić Białka szoku cieplnego (ang. 
Heat shock proteins), przeciwbakteryjne histony, enolaza oraz inne białka.  
W rozdziale 3 analizie zostały poddane właściwości kinazy PknB z S. aureus 
i jej zdolności do fosforylowania ludzkich białek. Wyniki wykazały, że oczyszczona 
kinaza PknB rozpoznaje i fosforyluje ludzkie peptydy naniesione na pepchipy). 
Dodatkowo wykazano, że prolina jest częścią sekwencji rozpoznawaną przez PknB. 
Dlatego też, badania opisane w rozdziale 3 sugerują, że aktywna kinaza PknB 
uwolniona przez gronkowca znajdującego się wewnątrz makrofaga podczas 
infekcji, może rozpoznać  i ufosforylować ludzkie białka. To z kolei prowadzić  
może do całkowitej zmiany transdukcji sygnału w komórce gospodarza, braku 
prawidłowej odpowiedzi immunologicznej i w rezultacie do przeżycia gronkowca 
wewnątrz fagocytów.  Wyniki przedstawione w rozdziale 4 wskazują natomiast,  
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że zakażenie ludzkich jednojądrzastych komórek krwi obwodowej (PBMC) 
gronkowcem nie posiadającym kinazy PknB prowadzi do zmniejszonej sekrecji 
mediatorów zapalnych, takich jak interleukiny 1β (IL-1β) i interleukiny 6 (IL-6), 
interleukiny 8 (IL-8), interleukiny 10 (IL- 10) i czynnika martwicy nowotworów α 
(TNF-α). Ponadto, w celu dalszego zbadania, czy zmniejszona ilość cytokin 
wytwarzanych przez PBMC może być skorelowana ze zmniejszoną aktywnością 
kinaz, zostały użyte pepchipy (Podobnie jak w Rozdziale 2 i 3). Zgodnie z posta-
wioną hipotezą, wyniki profilowania kinaz wykazały zmniejszoną aktywność 
prozapalnych kinaz takich jak kinaza Brutona (Btk) oraz kinaza Src, co prawdo-
podobnie niekorzystnie wpływa na produkcję prozapalnych cytokin.  
Kolejnym zagadnieniem, któremu poświęcony został Rozdział 5,  jest 
funkcja kinazy PknB w wewnątrzkomórkowym  przetrwaniu  S. aureus podczas 
fagocytozy. W tym celu zbadana została sekrecja penicylinazy przez komórki  
S. aureus. Wyniki pokazują, że zmutowane komórki gronkowca, którym brakuje 
genów lgt, dsbA, mscL lub secG i secY2, wykazywały większą aktywność 
penicylinazy niż macierzysty szczep gronkowca. Powyższe wyniki sugerują zatem, 
że brak diacylglyceryl transferazy (Lgt), tiol-dwusiarczku-oksydoreduktazy (DsbA),  
mechano-sensytywnego kanału MscL lub SecG i SecY2 pozytywnie wpływa na 
wewnątrzkomórkowe przetrwanie zmutowanych komórek gronkowca złocistego.   
Co ważne, brak PknB nie ma wpływu na przeżywalność S. aureus wewnątrz 
makrofagów.  
Podsumowując, obecne badania po raz pierwszy wnikliwie opisują 
skomplikowaną sieć interakcji, które mają miejsce w komórkach odpornościowych 
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Supplemental Figure 1. Production of inflammatory mediators by PBMCs stimulated with S. aureus 
strains at different MOIs
Supplemental Figure 2. Correlation plots after comparison of different data sets for THP-1 macropha-



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Chapter2, Figure 3. Activity of different kinases and phosphorylation pathways in THP-1 macrophages incubated 
with S. aureus. THP-1 macrophages were incubated with S. aureus NCTC 8325 cells for 15 min, 1 h or 24 h. As a 
control, macrophages were incubated without S. aureus cells. Kinase profiling and data analyses were performed 
as described in the Materials and Methods section. (A) Overview of kinases and signalling pathways that are 
influenced upon incubation of THP-1 cells with S. aureus. (B) Up- and downregulation of kinase activities in THP-1 
macrophages incubated with S. aureus. A fold change of 1 represents the situation where the phosphorylation 
of respective peptides is identical in THP-cells incubated with or without S. aureus. A fold change of > 1 indicates 
that the phosphorylation intensity of particular peptides was increased when THP-cells were incubated with 
S. aureus, and a fold change <1 indicates that the phosphorylation intensity of particular peptides was decreased 
when THP-cells were incubated with S. aureus. Calculated values of the 36 presented up- or down-regulated kinase 
activities are based upon the data in Supplementary Table 3. The Table below the heat map lists the average 
correlation coefficients of three data sets obtained from samples of THP-1 macrophages incubated with S. aureus 
or the control samples of THP-1 macrophages incubated without S. aureus at each time point (15 min, 1 hour and 
24 hours). The respective correlation coefficients were derived from the plots presented in Supplementary Figure 
3 available on Journal of Proteome Research website http://pubs.acs.org/doi/abs/ 10.1021/pr200224x?prevSearc
h=miller%2Bmalgorzata&searchHistoryKey=
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   




































































































Chapter 2, Figure 4. Overview of the signalling pathways active after 15 min incubation of THP-1 cells with S. aureus. 
The kinase profiling results indicate that during incubation with S. aureus three main pathways are active in THP-1 
cells, namely the cAMP-dependent pathway, the Ca2+-dependent pathway, and the PI3K pathway. These pathways 
might be regulated during S. aureus infection by different receptors such as the G-protein coupled receptor (GPCR), 
integrins, the scavenger receptor CD36, the receptor tyrosine kinase (RTK), and the Fcγ receptor. For abbreviations 
of kinases see Results and Discussion. The numbers indicate the Pepscan numbers of peptides in the arrays that 
were differentially phosphorylated by extracts of THP-1 cells incubated with or without S. aureus (for details see 
Supplementary Table 1 available on JPR website). Kinases that are downregulated are indicated in green, kinases 
that are upregulated are indicated in red, and kinases that are possibly involved in the active signalling pathways 
are indicated in yellow. Direct stimulations are indicated by blue arrows, tentative stimulatory effects are indicated 
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Chapter 2, Figure 7. Overview of identified S. aureus proteins. (A) The Venn diagram shows the numbers of identified 
peptides of proteins from S. aureus NCTC 8325 that were detected when S. aureus was cultivated in the presence 
or absence of THP-1 macrophages. The Venn diagram was generated using the BioInfoRX Venn diagram plotter 
(http://bioinforx.com/free/bxarrays/venndiagram.php#). (B) Voronoi treemap based on the KEGG gene orthology 
for S. aureus, visualising the function of the identified proteins. Each small field represents an independent protein. 
Proteins identified exclusively in S. aureus cells cultured in RPMI are indicated in green, proteins found exclusively 
in S. aureus cultured in RPMI in presence of THP-1 macrophages are indicated in red, and proteins present in both 
conditions are indicated in yellow. Proteins labelled in grey were not detected. (C) Changes in the amounts of 
S. aureus proteins upon incubation with THP-1 cells. Reduced protein levels are indicated in shades of green, and 




































































































































































































































































Chapter 4, Figure 3. Activity of different kinases in THP-1 macrophages incubated with pknB mutant S. aureus 
cells. THP-1 macrophages were incubated with cells of the S. aureus strains Δpknb or ΔpknBΔφ13 or the parental 
strain NCTC 8325 (wild-type) for 15 min, 1 h or 24 h. As a control, macrophages were incubated without S. aureus 
cells. Kinase profiling and data analyses were performed as described in the Materials and Methods section. (A) 
Up- or down-regulation of kinase activities in THP-1 macrophages incubated with S. aureus NCTC 8325, ΔpknB 
or ΔpknbΔφ13. A fold change of 1 represents the situation where the phosphorylation of respective peptides is 
identical in THP-1 cells incubated with or without S. aureus. A fold change of > 1 indicates that the phosphorylation 
intensity of particular peptides was increased when THP-1 cells were incubated with S. aureus, and a fold change <1 
indicates that the phosphorylation intensity of particular peptides was decreased when THP-1 cells were incubated 
with S. aureus. Calculated values of the presented up- or down-regulated kinase activities are based upon the data 
in Supplemental Tables 1 and 2. Note that we used the control data set for the parental strain in the previously 
published paper by [1]. 2011. The parental control data were however collected in parallel with the data sets for 
the ΔpknB or ΔpknbΔφ13 strains. (B) THP-1 macrophages incubated with S. aureus NCTC 8325 (wt), ΔpknB or 
ΔpknBΔφ13 for 15 min, 1h or 24 h. Magnification 10x.
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
    
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
    
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
































    wild-type           ÄpknBÄÖ13ÄpknB



















   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
    
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
    
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
































    wild-type           ÄpknBÄÖ13ÄpknB



















   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
    
   
   
   
   
   
   
   
   
   
   
   
   
   
   




















   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
    
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
    
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   



































    wild-type           
ÄpknBÄÖ13
ÄpknB















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Chapter 4, Figure 7. Production of βhemolysin. Upper panel, Colonies of S. aureus NCTC 8325 (wt), ΔpknB 
or ΔpknBΔφ13 (from left to right) grown on blood agar. Note that the colony of S. aureus ΔpknBΔφ13 
forms a faint second halo due to the secretion of active hemolysinβ. Middle panel, PCR detection of the 
intact hlb gene in three isolates of each strain. Lower panel, PCR detection of the phage 13-encoded 
sak gene in three isolates of each strain. Strains NCTC 8325 and ΔpknB show the typical hlb and sak PCR 
amplification patterns of strains harboring the lysogenic Hlb-converting phage 13. In contrast, PCR reveals 




Chapter 4, Figure 8. Upstream kinases of which the activity is differentially regulated upon incubation 
of THP-1 macrophages with or without S. aureus. (A) 15 min incubation, (B) 1 h incubation or (C) 24 h 
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Chapter 5, Figure 1 and Discussion, 
Figure 2 Secretion of penicillinase into 
J774 macrophages by different strains 
of  S. aureus. The secretion of an active 
penicillinase by wild-type S. aureus or 
mutant S. aureus strains with different 
protein secretion defects was assessed 
by fluorescence microscopy. For this 
purpose, the infected macrophages were 
loaded with CCF2-AM. Cells in which 
intracellular secretion of penicillinase has 
occurred appear blue.
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Colour figures
Chapter 5, Figure 4. (A) Schematic circular diagram of the reference plasmid pSAP064A (outer circular diagram). 
Known CDSs are annotated and colored. Hypothetical proteins are represented by light blue blocks. The inner 
concentric red circle represents FASTA best matches shared between the reference plasmid and data obtained from 
plasmid sequencing of strain E91. (B) The hypothetical structure of the sequenced plasmid from strain E91 is shown 
by a schematic circular diagram. The outer circular diagram represents annotated CDSs also marked with different 
colors. Open reading frames of unknown function are indicated by light blue. The inner circular diagram represents 
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